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The erystal structure of mendipite, Pb,O,Cl, 


By O. GABRIELSON 


With 1 figure in the text 


Previous investigations 


Mendipite was first analysed by J. Berzelius (1823) on material from Mendip Hills, 
England. He found the composition of the mineral to be PbCl,-2PbO. Somewhat 
later (1825) a crystallographic description was performed by W. Haidinger, who 
described the mineral as orthorhombic. 

Mendipite has also been found at Brilon, Germany, and at Langban, Sweden. 
Mendipite from Langban was discovered as early as about 1930, and a description 
was intended to be published by G. Aminoff, but was never completed. J. Gofii and 
C. Guillemin has later (1953) made a short description of mendipite from Langban. 

An X-ray investigation by F. A. Bannister (1934) gave the following unit cell 
dimensions of mendipite: a=9.50 A, 6=11.87 A, and c=5.87 A. According to Ban- 
nister the unit cell contains four molecules Pb,O,Cl,. 

Material.—Two prismatic crystals, elongated parallel to their c-axes, were selected 
from a collection of mendipite crystals from Langban. The crystals were used for 
X-ray photographs parallel and perpendicular to the c-axes. 

Unit cell and space growp.—EKqui-inclination photographs were taken around the 
c-axes using unfiltered copper radiation. The unit cell dimensions found are a=9.52 A, 
b=11.95 A, and c=5.87 A, which are, within the limits of error, equal to those 
found by F. A. Bannister. 

The Weissenberg photographs obtained registered the reflections kh0, hkl and hk2. 
By studying the systematic extinctions, it was found that reflections h00 and Ok0 are 
present only for h and k=2 n. These conditions are satisfied only in the space groups 
P 2,2,2 and P 2,2,2;. 


Table 1. The finally accepted parameters. 


4 Pb; in z=0.119, y=0.219, z=0.250 
4 Pby in =0.335, y=0.082, 2=0.750 
4 Pb in #=0.453, y=0.437, z=0.250 
4 Oy in =0.645, y=0.430, z=0.000 
ZO in = 0.645, y=0.430, z=0.500 
4 Ch in =0.370, y=0.520, 2=0.750 
4Chq in =0.465, y=0.195, z=0.250 
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Table 2. Weissenberg photograph of Mendipite. Rotation axis [001]. Zero layer 
line. Cu-radiation. Comparison between observed and calculated structure factors, 
using only the positions of the lead atoms for the calculation of 
the structure factors. 
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A Weissenberg photograph of a crystal oriented perpendicular to the c-axis showed 
that reflections 007 only are present for /=2n. Under such conditions only the space 
group P 2,2,2, (No. 19), is possible. ; 

Atomic positions.—The atomic positions and symmetry elements of the space 
group P 2,2,2, are (according to I.T. 1952): 

4: (a)'e y 2 4m, Gate $520 5-9, eae Gye 

Point symmetry: 1 in (a). 
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Table 3. Weissenberg photograph of Mendipite. Rotation axis [001]. First layer 
line. Cu-radiation. Comparison between observed and calculated structure factors, 
using only the positions of the lead atoms for the calculation of 
the structure factors. 
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Ags the cell contains four molecules Pb,;0,Cly, we have to locate twelve lead, eight 
oxygen and eight chlorine atoms. Lead is placed in three fourfold positions (a), 
oxygen and chlorine in two fourfold positions (@). 

From the trial and error method, refined by means of the Fourier synthesis, the 
positions of the lead atoms were deduced. The positions of the oxygen and chlorine 
atoms have not been found in this way on account of their inconsiderable influence on 
the observed structure factors, and the observed structure factors have not been 
measured accurately enough for a successful location of these eight atoms. They 
have therefore been located on spatial considerations. 

The finally accepted parameter values are shown in Table 1. 
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Table 4. Weissenberg photograph of Mendipite. Rotation axis [001]. Second layer 
line. Cu-radiation. Comparison between observed and calculated structure factors, 
using only the positions of the lead atoms for the calculated structure factors. 
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A comparison between observed and calculated structure factors, obtained with the 
parameters of the lead atoms, is given in tables 2, 3 and 4. The influence of the anions 
on the structure factors have been neglected in the calculations. 

Description of the structure.—In figure 1 the structure of mendipite is shown in 
projection on (001). 

In the unit cell the lead atoms are arranged in two groups of each six atoms. The 
groups are oriented in a diagonal direction of the unit cell. The lead atoms of each 
group are placed in the corners of two tetrahedra, which are linked together along 
one edge The oxygen atoms occupy the centres of these tetrahedra, which thus are 
held together by the Pb—O bonds. The bonds are rather short (2.33 A) and therefore 
of covalent character. The theoretical covalent value of the Pb—O bond is according 
to Bystrém (1950): Pb (=1.56) +0 (=0.74) =2.30 A. The lead and oxygen atoms form 
Pb,O, tetrahedra, each of which shares one edge with one tetrahedron in the adjacent 
over- and underlying unit cell, thus forming infinite chains in the direction of the 
c-axes. The fibrous and columnar habit of the mendipite crystals obviously depends 
on these chains, which are longitudinally held together by the strong Pb-O bonds. 


302 


ARKIV FOR MINERALOGI OCH GEOLOGI. Bd 2 nrl6 


Fig. 1. The structure of mendipite, projected on (001). Superimposed oxygen atoms are sym- 
metrically displaced. 


Tabie 5. Interatomic distances in mendipite. 


Rios Coordi- Number of] Kinds of | Distance 
nation atoms atoms (A) 

Phy 6 2 Ox Or 2.33 

1 Chr 3.12 

1 Chr 3.25 

2 Chy 3.44 
Phy "i 2 Oy 2.33 

2 Oxy 2.33 

1 Clr 2.95 

2 Cly 3.44 
Phy 7 2 Oy, On 2.33 

2 Cl; 3.21 

1 Ch 3.02 

2 Cly 2.93 


Or -On | 2.62, 2.98 
Check 3.70 
Cly=Cly, . | 3.89 
Cl, -0; 07) 3:20 
Cly-Oy, Op| 3.15-3.45 
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The chlorine atoms are situated in the channels between the chains of Pb,O, 
tetrahedra, and the chains are laterally held together by the Pb-Cl bonds. The Pb—Cl 
bonds are probably of ionic character, judging from their length (2.93-3.44 A). The 
theoretical length of the interionic Pb-Cl bond with seven-coordinated lead is about 
2.98 A, according to A. Bystrém (1950). 

The suggested structure seems to explain the perfect cleavage of mendipite crystals 
along (110). This cleavage plane indicates the weak Pb—Cl bonds, which are chiefly 
oriented perpendicular to the diagonal directions along (110) and (110). 

The interatomic distances are given in table 5. 

The lead atom Pb, is six-coordinated and bonded to two oxygen and four chlorine 
atoms, placed in the corners of a very distorted trigonal prism. The Pb—Cl bonds are 
of different lengths (3.12, 3.25 and 3.44 A). 

The lead atom Phy, is seven-coordinated. It is surrounded by four oxygen atoms 
situated in the corners of a square, and three chlorine atoms situated in the corners 
of a triangle. One Pb-Cl bond is 2.95 A and two Pb-Cl bonds are 3.44 A. 

The lead atom Phy, (seven-coordinated) is surrounded by two oxygen and five 
chlorine atoms in an irregular spatial arrangement. In this coordination there are also 
different lengths of the Pb-Cl bonds (2.93, 3.02, 3.21 A). 


SUMMARY 


The crystal structure of mendipite has been studied. The positions of the lead atoms have 
been determined from the intensities of Weissenberg photographs, and the coordinates of oxygen 
and chlorine determined from space considerations. 

Results: Space group P 2,2,2, (No. 19). a =9.52 A, b=11.95 A, c =5.87 A. 


4Pb,; inzw=0.119, y=0.219, z—0.250 
4 Pby; inw =0.335, y=0.082 2=0.750 
4 Pb, in « = 0.453, y=0.437, z=0.250 
40, inw=0.645, y=0.430, z=0.000 
40, inw=0.645, y=0.430, z=0.500 
4Cl, inw=0.370, y=0.520, z=0.750 
4Cly, inw=0.465, y=0.195, z=0.250 


Pb,O, tetrahedra form infinite chains in the directions of the c-axis. These chains are laterally 
held together by the Pb—Cl bonds. Judging from the lengths of the bonds, the Pb—O bonds seem 
to be chiefly of covalent character and the Pb—Cl bonds of chiefly ionic character. 
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The effect of cations on the optical properties and the cell- 


dimensions of knebelite and olivine 


By Axe HENRIQUES 


With 1 figure in the text 


SUMMARY 


The optical properties («, 6, y, 2Vq~) and the lengths of the unit cells (a, bo, cy) are cor- 
related with chemical composition for the system Fe,SiO,-Mn,SiO,-Mg,SiO, by derivation 
of linear regression equations in accordance with Hori’s earlier determinations of clino- 
pyroxenes. Equations are also presented which are valid when the relationship between the 
chemical composition and the physical properties are not linear but satisfies an equation of 
second degree. Comparisons between the two methods of calculation are made for the knebelite 
group of minerals. 


Introduction 


Hori (1954) has correlated the optical properties of clinopyroxenes with their 
chemical composition. He used Hess’s (1949) optical determinations as well as 
the corresponding analyses of about forty clinopyroxenes as the basis for this 
investigation. By deriving partial regression equations for refractive index and 
optic axial angle he has been able to establish the effect of the elements: 
eels Al Crgehe Kes, Wine. Mg Ca’, NaG. K{).on. the optical 
properties of the clinopyroxenes. His equations are: 


A=Aygt D a, Ni, (1) 
p=agt & api, (2) 
y=a,+ Way Ni, (3) 
2V =azy+ DU div Ni, (4) 


where a,aga, and dgy are constants, Aig dig diy and djzy represent the effects of 
the cation of type i on the refractive indices «, f, y, and the optic axial angle 
2V. N is the number of the cations in a fixed volume. 

The partial regression equations possess solely descriptive character and rely 
entirely on the assumption that the optical properties are additively composed 
of and are linear functions of the relative contents of the elements. This should 
be the case, at least approximately, within a mineral group showing substitution 
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solid solution and whose properties vary continuously with the composition. 
Now, polarization effects and other lattice effects are able to influence the 
optical properties to some extent so that these deviate from the strictly linear 
function. As a result hereof full agreement between the determined and cal- 
culated values cannot be obtained. Better agreement between reckoned and 
observed values is obtained by using equations of the form: 


A=W, + YB digNi+ & dia Nj, (5) 
B=ag+ & ag Ni + & aig N?, (6) 
y=a,+ LdyNit+ DayNi, - (7) 

OV =Gey ts 2 Gay Ni Gey Ne (8) 


By differentiating the equations devised by Hori and the author (here only 
carried out for «) one obtains: 


da= X digd Ni, (9) 
da= X aid Ni, +2 Dd aig Nid Nj. (10) 


From equation (9) it becomes apparent that d« is a function of the changes 
in the chemical constitutions, while equation (10) is a function of both the chem- 
ical contents and their variations. Equation (9) proceeds as a special case from 
equation (10) because all coefficients of the type a;,=0. The author’s investiga- 
tions of the optical properties of knebelite indicate that the graph of the axial 
angle in the system Fe,SiO,-Mn,SiO, has a minimum (i.e. da=0 at this point). 
Therefore da must be determined by the chemical contents as well as by 
their changes. 


The effect of cations on physical properties of knebelite and olivine 


While Hori derived the equations for the refractive index and axial angle of 
the clinopyroxene group the present author determined the corresponding equa- 
tions for minerals of the knebelite—olivine group. The material for the calcula- 


Table 1. Recalculated analyses of knebelite and olivine minerals in molecular per 
cent. Nos. 1-10 from Henriques (1956), nos. 11-15 from Bowen and Schairer (1935). 


Analy- 


=e Fe,Si0, | Mn,SiO, | Mg,SiO, Analy-| Fe,Si0, | Mn,Si0, | Mg,Si0, 
a mol.-% mol.-% mol.-% oe mol.-% mol.-% mol.-% 
1 85.82 8.30 5.89 9 52.95 44.49 2.56 
2 82.61 14.46 2.92 | 10 45.26 51.06 3.68 
3 50.84 19.67 29.49 ll = — 100.00 
4 69.65 25.60 4.74 12 40.8 — 59.2 
5) 62.48 27.80 9.72 is} 67.4 a 32.6 
6 58.07 30.60 11.33 | 14 86.1 — 13.9 
uf 57.50 35.40 7.10 ete 100.0 — — 

8 54,22 40.33 5.45 
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Mg,SiO, 


Fe,SiO, Mn,Si0, 


Diagram 1. Chemical composition of knebelite and olivine minerals 1-14 (Table 1). 


Table 2. Optical properties and cell dimensions for kneb¢lite according to equa- 
tions of the type (1)-(4). 


X,=mol.-% Fe,SiO,; X,=mol.-% Mn,8i0,; X,=mol.-% Mg,Si0,. 


a = (1.822 + 0.001) X, + (1.748 + 0.003) X, + (1.636 + 0.002) X, (11) 
B= (1.863+0.001) X, + (1.790 + 0.002) X, + (1.651 + 0.001) X, (12) 
y = (1.873 + 0.001) X, + (1.794 + 0.003) X, + (1.669 + 0.002) X, (13) 
QV «= (47.9+0.6) X, + (41.8+ 1.1) X,+(98.14+2.3) X5 (14) 
ap = (6.094 + 0.002) X, + (6.231 + 0.004) X, + (5.989 + 0.008) X, (15) 
by = (4.826 + 0.001) X, + (4.884 + 0.002) X_ + (4.778 + 0.004) X, (16) 
ey = (10.495 + 0.004) X, + (10.729 + 0.007) X_ + (10.206 + 0.016) X, (17) 


tion of the regression equations was obtained from an investigation of the 
optical and chemical properties of knebelite (Fe, Mn, Mg), SiO, by the writer 
(1956).1 Further hereto the refractive index values obtained by Bowen and 


1 In that paper on pages 262 and 264 2V,y should be corrected to 2V«. 
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Table 3. Optical properties and cell-dimensions for knebelite according to equa- 
tions of the type (5)-(8). 


X,=mol.-% Fe,Si0,; X,=mol.-% Mn,SiO,; X,=mol.-% Mg,SiO,. 


«= (1.811 + 0.022) X, + (0.012 + 0.022) X? + (1.732 + 0.015) X, + (0.049 + 0.019) XF+ 


+ (1.647+ 0.019) X,— (0.011 +0.019) X2 (18) 


T 


B = (1.849 + 0.024) X, + (0.015 + 0.025) X? + (1.787 + 0.017) X, + (0.023 + 0.021) X34 


+ (1.666 + 0.022) X, — (0.015 + 0.022) X32 (19) 


y = (1.834 + 0.033) X, + (0.040 + 0.034) X? + (1.804 + 0.023) X, + (0.019 + 0.029) X3 + 
+ (1.707 + 0.030) X, — (0.038 + 0.030) X2 (20) 


T 


QV g = (24.14 49.3) X, — (24.8+51.2) X24 (51.14 44.6) X,+ (0.34 44.9) X3+ 


+ (136.0 + 21.3) X, — (87.54 31.2) X32 (21) 
dy = (6.203 + 0.168) X, — (0.109 + 0.175) X? + (6.118 + 0.148) X, + (0.132 + 0.146) X3 + 

+ (5.906 + 0.078) X, + (0.176 + 0.109) X3 (22) 
by = (4.730 + 0.002) X, + (0.102 + 0.002) X? + (4.980 + 0.002) X, — (0.099 + 0.002) X3 + 

+ (4.764 + 0.001) X3 + (0.144 + 0.001) X32 (23) 


Cy = (10.754 + 0.588) X, — (0.273 + 0.611) X? + (10.507 + 0.518) X, + (0.200 + 0.509) X3 + 
+ (10.161 + 0.274) X,— (0.151 + 0.383) X2 (24) 


Table 4. Refractive index of the end-members, observed and calculated values 
according to the equations (11)-(13) (Table 2). 


e4 B if 
Fe,Si0, 1.822+0.001 1.8241 1,863 + 0.001 1.8641 1.873+0.001 1.8751 
1.8222 1.864 2 1.875 2 
‘Mn,SiO, 1.748+ 0.003 1.781 1.790+ 0.002 1.8051 1.794+0.003 1.821 
Gehl? 1.807 8 L825 
Mg,Si0O, 1.636+0.002 1.6351 1.651+0.001 1.6511 1.669 + 0.002 1.6701 
1.6362 1.651 2 1.669 2 


1 Winchell (1951). 
2 Bowen and Schairer (1935). 
3 Palache (1935). 


Schairer (1935) for olivine minerals (Fe, Mg), SiO, synthesized by them have 
been used. 

A greater number of carefully examined minerals from the olivine group could 
have been used in the investigation but the author on considering the difficulty 
of critically examining such heterogeneous material, decided to limit the 
investigation to the above-mentioned minerals, the recalculated analyses of 
which are presented in Table 1. According to Vegard’s law there is an ap- 
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Table 5. Refractive index of knebelite and olivine minerals, observed and cal- 
culated values according to the equations (11)-(13) (Table 2). 


No. « obs a cale Aw B obs B cale AB | y obs y cale Ay 
1 1.802 1.805 — 0.003 1.843 1.845 — 0.002 1.853 1.855 | —0.002 
2 1.803 1.806 — 0.003 1.843 1.846 — 0.003 1.851 1.855 | —0.004 
3 1.750 1.753 — 0.003 1.784 1.786 — 0.002 1.796 1.797 | —0.001 
4 1.792 1.794 — 0.002 1.833 1.834 — 0.001 1.842 1.843 | —0.001 
5 1.785 1.783 0.002 1.824 1.822 0.002 1.834 1.831 0.003 
6 ilezerizt 1.778 — 0.001 1.818 1.817 0.001 1.828 1,826 0.002 
a 1.782 1.783 — 0.001 1,822 1.822 0.000 1.831 1.831 0.000 
8 1.782 1.782 0.000 1.822 1.822 0.000 1.830 1.830 0.000 
9 1.784 1.784 0.000 1.823 1.825 — 0.002 1.830 1.833 | — 0.003 
10 1.780 lleiizite 0.003 1.820 1.818 0.002 1.828 1.825 0.003 
11 1.636 1.636 0.000 1.651 1.651 0.000 1.669 1.669 0.000 
12 1,712 1.712 0.000 1.738 1.737 0.001 1.752 1.752 0.000 
13 1.762 1.761 0.001 1.794 1.794 0.000 1.807 1.806 0.001 
14 1.798 1.796 0.002 1.835 1.834 0.001 1.848 1.845 0.003 
15 1.824 1,822 0.002 1.864 1.863 0.001 1.875 1.873 0.002 


Table 6. Refractive index of knebelite and olivine minerals, observed and cal- 
culated values according to the equations (18)-(20) (Table 3). 


No. | « obs a cale Aw B obs B cale AB | y obs y cale Ay 
1 1.802 1.804 — 0.002 1.843 1.844 — 0.001 1.853 1.854 | — 0.001 
2 1.803 1.804 = O00! 1.843 1.845 — 0.002 1.851 LESS — 0.002 
3 1.750 Leiol — 0.001 1.784 1.786 — 0.002 1.796 1.798 | —0.002 
4 1.792 1.792 0.000 1.833 1.833 0.000 1.842 1.841 0.001 
5 1.785 1.781 0.004 1.824 1.821 0.003 1.834 1.830 0.004 
6 Liawirirl MEFhzZ 0.000 1.818 1.816 0.002 1.828 1.825 0.003 
7 1.782 1.781 0.001 1.822 1.822 0.000 1.831 1.830 0.001 
8 1.782 1.782 0.000 1.822 1,822 0.000 1.830 1.830 0.000 
9 1.784 1.785 — 0.001 1.823 HES 25 — 0.002 1.830 1.832 — 0.002 
10 1.780 1.780 0.000 1.820 1.820 0.000 1.828 1.827 0.001 
11 1.636 1.636 0.000 1.651 1.651 0.000 1.669 1.669 0.000 
12 LLaal ye 1.712 0.000 1.738 1.738 0.000 1.752 RWT52. 0.000 
13 1.762 1.762 0.000 1.794 LOS — 0.001 1.807 1.807 0.000 
14 1.798 1.797 0.001 1.835 1.834 0.001 1.848 1.845 0.003 
15 1.824 1.823 0.001 1.864 1.864 0.000 1.875 1.874 0.001 


proximately linear relationship between chemical content and the lengths of the 
unit cell within an isomorphous series. Consequently regression equations were 
also calculated for the unit cell lengths. The regression equations were solved 
with a digital computor (BESK) by the method of least squares in accordance 
with the Gauss elimination method. The average error was calculated in accord- 


ance with the formula: 
Aa: 
(fee) (11) 
m—n 
where X;j,2 is the diagonal element belonging to X; in the diagonal element 
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Table 7. Optic axial angle of knebelite according to equation (14) (Table 2). 


oe IY te 1) ble ee es Se eee eee ee 
| 
2V 2V | 2Va 2Va 
No. | te | ie | A2Va | AIS obs | cale | A2Va 
i 
| 
1 50.7 50.4 0.3 6 52.1 sie zh 0.6 
2 48.1 48.5 — 0.4 | if 49.6 49.3 Ose 
3 61.2 GIES = 053 | 8 47.6 48.2 — 0.6 
4 48.5 48.7 LY 9 45.6 46.5 — 0.9 
5 51.5 51.1 0.4 | 10 47.4 46.6 0.8 


2Va | 2Va 2Va 2Va et 
No: obs | cale | ae Neb | obs | cale | 2V a 
1 50.7 50.9 — 0.2 6 D2 SR — 0.2 
2 48.1 48.1 0.0 7 49.6 49.4 0.2 
3 61.2 612 0.0 8 47.6 48.2 — 0.6 
4 48.5 48.2 0.3 9 45.6 45.9 — (0.3 
D lye) 51.4 0.1 10 47.4 47.0 0.4 


Table 9. Unit cell lengths of knebelite, observed and calculated values according 
to the equations (15)-(17) (Table 2). 


No. | ad obs | ay cale Aa by obs | by cale A by | Cp, ODSN| eCy eGalle AG | 
1 6.100 6.100 0.000] 4.828 4.829 —0.001 | 10.498 10.498 0.000 
2 GU 6.110 0.001} 4.834 4.833 0.001) 10.518 | 10.519 | — 0.001 
3 6.091 6.090 0.001} 4.824 4.823 0.001] 10.454 | 10.456 | — 0.002 
5 6.121 6.122 | —0.001] 4.836 4.837 | —0.001] 10.533 | 10.532 0.001 
6 6.122 6.124 | —0.002| 4.837 4.838 | —0.001] 10.541 | 10.534 0.007 
a 6.133 6.135 | —0.002| 4.843 4.843 0.000] 10.556 | 10.557 | — 0.001 
8 6.141 6.143 — 0.002} 4.847 4.847 0.000} 10.569 10.574 | — 0.005 
9 6.154 6.152 0.002} 4.851 4.850 0.001] 10.595 | 10.592 0.003 

10 6.162 6.160 0.002] 4.854 4.854 0.000 | 10.602 10.604 | — 0.002 


of the inverse matrix and V “the vector of error’. The large increase in the 
size of average error observed in the equations containing the terms » a; N7 is 
probably due to the fact that too few determinations are available. In Tables 
2 and 3 above the here derived equations for the refractive indices, for the axial 
angle and for the unit cell lengths are listed of knebelite and olivine minerals. 
The equations for the refractive indices were derived from the whole material, 
those of the axial angle and unit cell lengths solely from the knebelite. It should 
be observed that the derived equations are valid only for the examined parti of 
the system Fe,Si0,-Mn,Si0O,-Mg,SiO,. This is especially obvious by a comparison 
between the optical properties calculated from the formulas and the real values 
of the pure end-members tephroite Mn,SiO,, fayalite Fe,SiO,, forsterite Mg,SiO, 
(see Diagram 1 and Table 4). Partially calculated, partially determined values 
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Table 10. Unit cell lengths of knebelite, observed and calculated values according 
to the equations (22)-(24) (Table 3). 


No. @ obs | ay cale Aa | by obs | by cale AN Li Cy obs | Cg cale ING 
1 6.100 6.100 0.000} 4.828 4.828 0.000 10.498 | 10.499 | — 0.001 
2 6.111 6.110 0.001} 4.834 4.834 0.000 10.518 | 10.517 0.001 
3 6.091 6.091 0.000} 4.824 4,824 0.000 10.454 | 10.454 0.000 
5 6.121 6.120 0.001! 4.836 4.836 0.000 10.533 | 10.535 | —0.002 
6 6.122 6.121 0.001] 4.837 4.837 0.000 10.541 | 10.536 0.005 
7 6.133 6.134 | —0.001] 4.843 4,843 0.000 10.556 | 10.558 | — 0.002 
8 6.141 6.143 | —0.002] 4.847 4.847 0.000 10.569 | 10.574 | —0.005 
2) 6.154 6.154 0.000] 4.851 4.851 0.000 10.595 | 10.592 0.003 
10 6.162 6.161 0.001] 4.854 4.854 0.000 10.602 | 10.602 0.000 


Table 11. Changes in the optical properties and the unit cell lengths by an 
ionic substitution of 1 per cent in knebelite according to the equations (11)-(17) 


(Table 2). 
Substituted ion 
Substituting ion 
Fe2+ Mn2+ Mg?+ 

6 x-108 -- 0.74 (0.21) 1.86 (0.56) 

6 B- 108 — 0.73 (0.35) 2.12 (0.64) 

dy-103 = 0.79 (0.24) 2.04 (0.64) 
Fe?+ 02Vx — 0.06 (— 0.06) — 0.50 (0.06) 

6 ay: 108 — — 1.37 | 1.05 

6 by: 108 — = 0.57 0.48 

6 cy: 108 — — 2.34 2.89 

6 a 103 —0.74 (—0.21) == 1.12 (0.35) 

6 B- 108 —0.73 (—0.35) — 1.39 (0.29) 

dy-108 —0.79 (— 0.24) a 1.25 (0.40) 
Mn?* 6 2V ax — 0.06 (— 0.06) — — 0.56 (0.12) 

6 ay: 108 1.37 — 2.42 

6 b,- 108 0.57 — 1.06 

6 cy: 108 2.34 | — 5.24 

6 a 103 —1.86 (—0.56) —1.12 (—0.35) — 

6 B- 108 —2.12 (—0.64) — 1.39 (—0.29) —_ 

dy- 103 —2.04 (—0.64) — 1.25 (— 0.40) = 
Mg?+ 62Vax 0.50 (— 0.06) 0.56 (— 0.12) — 

6 ay* 103 — 1.05 — 2.42 — 

6b,: 108 — 0.48 — 1.06 _ 

6 ¢,+ 108 — 2.89 — 5.24 — 


for refractive index, axial angle and unit cell lengths as well as divergencies 
between calculated and determined values are given in Tables 5, 6, 7, 8, 9, 10. 

Variations in the optical properties and the unit cell lengths caused by an 
ionic substitution of 1 per cent in knebelite, calculated in accordance with the 
equations (11)-(17) (Table 2) are to be found in Table 11. Hori’s values for a 
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Table 12. Chemical composition (in mol.-%) of knebelite and olivine as a func- 
tion of the refractive indices. 


[Fe]= — (8.53+ 2.83)—( 1.55+ 18.68) a — (14.22 + 13.28) B + (20.65 + 20.95) 
[Mn]= (10.59+2.18) — (36.67 + 14.40) « + (84.62 + 10.23) B— (54.12 + 16.14) y 
[Mg]= — (1.06 + 2.28) + (38.21 + 15.09) «— (70.40 + 10.73) B + (33.48 + 16.92) y 


comparable substitution for clinopyroxenes are given in brackets. If a comparison 
be made the changes in refractive index brought about by substitution of Fe**, 
Mn?* and Mg** into clinopyroxenes and olivine minerals respectively it is found 
that the changes are essentially greater for the olivine group than for the clino- 
pyroxenes (minimum 2.1 and maximum 4.8 times greater). This becomes also 
apparent on studying the available optical literature. For the present, at least, 
it does not seem suitable taking due consideration to the rather limited material 
investigated, to discuss here the connexion between crystallographic structure 
and optical properties. When the regression equations also contain the molecular 
fractions (Table 3), no simple scheme can be devised that shows the change in 
the physical properties caused by the substitution of one ionic type by another, 
as in this case the amount of the change, as previously noted, is a function 
of both the molecular proportions and their changes. 

Attempts were also made to derive regression equations for chemical com- 
position as a function of the refractive indices («, 6, and y) of the minerals, 
but with a negative result, as the average error attached to each coefficient 
is often greater than the coefficient. This becomes apparent from the equations 
(Table 12). 


Results 


1. When physical properties are correlated with chemical composition in an 
isomorphous series, where the relationship between physical properties and chem- 
ical composition is not linear, a better agreement will be received by using 
equations of second degree of the type (5)-(8), page 306. 

2. Regression equations for chemical composition as a function of physical 
properties are usually not valid because the average error attached to each 
coefficient will be of the same magnitude as the coefficient. 
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Jagoite, a new lead-silicate mineral from Langban 
in Sweden 


By Racnar Birx, OLor GABRIELSON and Frans E. WickMAN 


Introduction 


The Langban mines are famous for the large number of lead-silicate minerals 
found there. So far, hyalotekite, ganomalite, nasonite, kentrolite, melanotekite, 
barysilite, margarosanite, molybdophyllite, and roeblingite have been described. 
In this paper a tenth lead silicate is described, which, as far as we know, is new 
to science. We have called it jagoite in honour of the well-known mineral collector 
Mr. John B. Jago, San Francisco, California, who has shown an enthusiastic in- 
terest in the Langban minerals, and through generous donations of funds has 
made possible an intensive study of the Langban minerals at this museum. 


Occurrence 


Jagoite is a rare mineral which was discovered around 1943 in hematite ore 
in the stope “Canberra” tozether with melanotekite, quartz, and a mixture con- 
sisting of a not yet identified mineral and qartz. Jagoite occurs as fine-grained 
micaceous aggregates of plates and is commonly surrounded by a zone of black 
melanotekite. 


X-ray crystallography 


We have not been able to find any crystals with well-developed faces and we 
have therefore used X-ray methods exciusively. A Laue photograph taken per- 
pendicular to a plate showed that the Laue-symmetry group is 3, i.e. the mineral 
is trigonal. 

Oscillation, rotation, and equi-inclination photographs were taken with unfiltered 
copper radiation, using the c- and a-axes as rotation axes. The quality of the 
photographs was rather poor on account of the easiness with which the plates 
of jagoite are deformed. 

The hexagonal unit cell has the dimensions: a=8.65+0.03 A and c=33.5+ 
0.1 A. No systematic extinctions could be observed. This means that the possible 
space groups should be P3 (No. 143) and P3 (No. 147). 

The powder pattern of jazoite is shown in Table 1. It was obtained using a 
Debye-Scherrer camera (diameter 57.3 mm) and Ni-tilte ed copper radiation. No 
effort was made to prevent tne development of a preferred ovientation of the 
platy powder on the glass fiber. We have not thought it worth while to index 
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Table 1. Powder pattern of jagoite. Ni-filtered Cu radiation. 
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the lines observed because the c-axis of jagoite is so large that it is always possible 
to find at least one reflection with a suitable d-value. 


Physical and optical properties 


Jagoite has perfect basal cleavage, { 0001 }, and has a hardness of 3. The specific 
gravity is 5.43 as determined with a pycnometer. The luster is vitreous and shining 
on cleavage surfaces. The colour is yellow-green and the streak yellow. The mineral 
is not fluorescent under ultraviolet light. 

In transmitted light under the microscope jagoite is ight green. It is uniaxial 
with optical negative (—) character. The refringence is very high (around 2.0 
according to a measurement by Nikitin’s method); this is in agreement with what 
has been found in other lead silicates. The birefringence is intermediate (0.025). 
The mineral is nonpleochroic. 


Chemical composition 


The chemical analysis made by one of us (R. B.) is shown in Table 2. The 
unit cell volume is 2170 A® and the specific gravity is 5.43. The molecular weight 
of the unit cell is consequently 7102. This value has been used in calculating the 
figures in column 2 of Table 2. 

It might be remarked that the oxidation state of iron was tested, and that 
no trace of ferrous iron could be detected. The mineral was tested for “superoxide” 
oxygen in a special apparatus but with negative result. 

The formula of jagoite derived from the chemical analysis is 


(Pb, Ca, Mn, Na, K).,(Fe**, Al, Mg),(Si, Al, Be)»,0,,(OH, Cl).. 


This tentative formula will indicate that electroneutrality is obtained by substitution 
of univalent cations for some of the large bivalent ones, bivalent cations for some 
of the trivalent ones, and beryllium and probably also aluminium for some of 
the silicon atoms. 
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Table 2. The chemical composition of jagoite. 


1. The chemical analysis of jagoite (R. Blix). 
2. The number of atoms in the hexagonal unit cell. 
3. Suggested distribution of atoms of different sizes. 
4. Ideal cell content. 
ea Tacs Le 
SiO, 22.35 Si 26.40 \ 
BeO 0.12 Be TUS al as 
Al,O; 0.50 Al 0.70 
Fe,0,; 7.00 Fe3+ 6.22 | 
AUKO 0.10 aun 0.09 ¢ 8.06 8 
MgO 0.60 Mg 1.05 
FeO nil Fe2t 0.00 J 
MnO 0.88 Mn 0.88 
CaO 0.65 Ca 0.82 
PbO 64.26 Pb 20.45 24.11 24 
Na,O 0.61 Na 1.40 | 
K,0 0.37 K 0.56 
Cl 3.25 Cl 6.50 | 
H,O (> + 105°C) 0.17 OH 1.34 7.84 8 
H,O (< + 105°C) 0.19 | 
F nil F 0.00 
O nil O 83.87 84 
101.05 
iesssOvforiCiey «2. 0.3 
100.32 


It seems plausible to regard jagoite as a phyllosilicate. Owing to the fact that 
we have only one find of jagoite, we have no idea about the possible variations 
in its chemical composition, and can only hope that new occurrences will be 
discovered. 


SUMMARY 
Jagoite, (Pb,Ca, Mn, Na, K)»,(Fe°’, Al, Mg),(Si, Al, Be)g70g4(OH, Cl),, is a hexagonal mineral 
with unit cell lengths a=8.65+0.03 A, c=33.5+0.1 A. The probable space groups are P3 and 


P3. Physical and optical properties are given in the special section and the powder pattern 
given in Table 1. 


Tryckt den 15 oktober 1957 


Uppsala 1957. Almqvist & Wiksells Boktryckeri AB 
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Communicated 11 September 1957 by PER GrrEr and Frans E. WickMAN 


Alkaline rocks and carbonates of alkalies, 
calcium and magnesium 


By N. Sunpius 


With 7 figures in the text 


Because of a note of P. J. Holmquist in his paper about synthesis of perowskite 
and pyrochlor minerals, stating that calcium carbonate is dissolved in a soda melt in 
considerable amounts (1), Dr. A. Bygdén, at the laboratory of the Geol. Survey 
of Sweden, made in about 1938 on my request some melts of mixtures of the alkali 
carbonates and CaCQ,. It was stated that both potassium and sodium carbonate 
form homogeneous and low melting double salts with CaCO, with the molecular 
ratio of 1:1. The experiments were prompted by questions which arose from a study 
of the so-called “lime granites” in Sweden (2), but the work was not then completed. 

Later the writer found that the systems Na,CO,—-CaCO, and K,CO,—-CaCO, had 
been systematically investigated by P. Niggli in 1916 (3), who also referred to earlier 
observations. Among others, Le Chatelier had as early as 1894 prepared the two 
double carbonates, and he gives 790°C as the temperature of formation for them both. 

The results from the melting experiments by Niggli are summarized in the two 
equilibrium diagrams of Fig. 1, in which the one with potassium carbonate is incom- 
plete. To the diagrams the following is to be added. 

Both sodium and potassium carbonate form double salts with CaCO, the ratio 
1:1. The melting point of both is about 815°C. All mixtures between these compounds 
and the pure alkali carbonates melt easily and form clear and mobile melts without 
appreciable dissociation at one atm. CO,. From pure Na,CO, to about 20 mol.% 
CaCO, the loss of CO, is very small. At 32 mol.% CaCO, and 968°C it was found to be 
less than 2° of the whole CO, content. In mixtures of 30-40 mol. % CaCO; and at 
930°C it is still less than 1.2°% and at 58 mol.% CaCO, and 875°C it is only little 
more than 1-2%. 

If the temperature is raised, the mixtures in the soda—lime system begin to boil 
with the dissociation of the carbonates. As an example of the boiling temperature, 
some of Niggli’s data are given. At 24 mol.% CaCO; no boiling occurs at 1000°C. 
At 39 mol.% CaCO, boiling is observed at 970°C but not at 930°C. In a mixture of 
75 mol. CaCO;, CaO is formed between 880° and 911°C. 

The relations are similar in the K,CO,-CaCO, system in the part investigated 
(up to 50 mol.% K,CQ,). 

In both systems deep eutectics occur between the alkali carbonate and the double 
salt, in the sodium—calcium system at about 785°C and 63 mol.% Na ,COs, and in the 
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Fig. 1. Equilibrium diagrams of the systems Na,CO,;—-CaCO,; and K,CO;—CaCO, at one atm. CO, 
pressure, according to P. Niggli. Mol. %. 


potassium system at 755°C and about 61 mol.°%4 K,CO,. There is partial solubility 
of the double carbonates in the alkali carbonates. 

On the lime side of the double carbonates the relations are somewhat more compli- 
cated. According to the diagram of the Na,CO,—CaCO, system the double carbonate 
melts, and a mixture of this compound and CaCO, extends up to the dissociation 
boundary. 

Niggli did not get the double salt Na,Ca,(CO,), in his experiments. However a 
mineral of this composition (shortite, cf. below) is known from nature. A double salt 
between K,Ca(CO;), and CaCO, was suggested by Niggli. In reality the compound 
K,Ca,.(CO3), was found by C. Kroger, K. W. Illner and W. Graesser (4) in a study 
of the K,CO,—CaCO, system of 1943. As there is some dissociation in the CaCO,-rich 
part of the diagram at one atm. CO,, the study was made under a pressure of 50 atm. 
CO,. The resulting diagram is shown in Fig. 2. The new compound K,Ca,(CO3), 
has a melting point of 835°C. The eutectic between it and K,Ca(CO3), lies at about 
790°C and 60 mol.% CaCQs,. 

A completementary investigation of the ternary system Na,CO,-K,CO,—CaCO, up 
to 900°C at one atm. CO, was published by Niggli in a paper of 1919 (5).1 The equili- 


1 My attention was kindly directed to this paper by Prof. H. von Eckermann. 
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brium diagram is shown in Fig. 3. The double carbonates Na,Ca(CO;), and K,Ca(CO,), 
form according to him a complete series of solid solutions and the eutectic curve 
between this series and the (Na,K,Ca)CO, solid solutions has its lowest point at about 
693°C.1 

The diagram does not contain the double salts K,Ca,(CO3),; and Na,Ca,(COs)s. 
Possibly they cannot be realized at one atm. Co,, but the presence of them at a some- 
what higher pressure may essentially alter the aspect of the upper part of the diagram. 

The double carbonate Na,Ca(CO,), has also been prepared through reaction in 
solids by R. Jaggitsch, B. Jacobsson and 8S. Rolin at 650° and 700°C (6). 

By water the double carbonates are easily decomposed into a solution of alkali 
carbonate and solid CaCO , and K,Ca(CO 3), may be somewhat deliquescent in air. 

Other double carbonates of interest in this connection are Na,Mg(CO;), and 


1 In a mixture of similar parts by weight of both eutectics between the alkalicarbonates and 
the double salts (mol. ratio Na,CO, = 33,7, K,CO; = 27,4, CaCO, = 38,9) Dr. R. Blix in the labo- 
ratory of the Min. Dept. of the Swedish Museum of Natural History in Stockholm made at my 
request a preliminary melting test. Signs of melting were observed at 660°C. At 700°C the mixture 
had melted to a clear and mobile melt. Possibly the difference from Niggli’s diagram (693° and 
777°C) may at least partly be due to the fact that the experiment of Blix was made in air and, 
further, to some small quantity of water in the carbonates used. No free lime could be shown in 
the crystallized melt optically or by White’s reagent. 
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Fig. 3. Equilibrium diagram of 
the system 

Na,CO;—K,CO,—CaCO, 
according to P. Niggli, 1919. 
Mol. %. 


K,Mg(CO3),. Because of the low dissociation temperature of MgCO, they may not be 
able to form at one atm. CO, pressure. In water solution Na,Mg(CO,), has been 
prepared by A. de Schulten (7), G. von Knorre, W. Eitel and W. Skaliks (8). The 
two latter (8) obtained both the sodium and the potassium double salts in melts with 
the mol. mixture 1:1 under CO, pressures of 1240 kg/cm? for fhe former and 1200 atm. 
for the potassium compound. The melting point of Na,Mg(CO 3), was determined to 
be 677°C, or 138° lower than that of the corresponding sodium-calcium compound. 
No determination was made for K,Mg(CO,),, presumably on account of the difficulty 
in crystallizing the melt. 

Nigegli refers to an earlier work of Le Chatelier (9) according to which the double 
carbonates Na,Ba(CO;), and Na,Sr(CO,), should be formed in melts with the mol. 
ratio of 1:1. A later test by W. Eitel [10] did not corroborate this. Both BaCO, and 
SrCO, form mixtures with Na,CO,, with eutectics at 716°C and 80 mol.% Na,CO, 
in the case of the Ba-carbonate, and 702°C and 83 mol.% Na,CO,; in the SrCO,- 
Na,CO, system. 

Indeed, though the named double carbonates and the equilibrium relations 
in the ternary carbonate system Na,CO,—K,CO,;—-CaCO, have been known for a 
long time, they have attracted little attention from mineralogists and geologists, 
and seem to be unknown to most of them. One reason for this is that the double 
salts have little chance to be formed or to survive in the superficial parts of the 
crust on account of their easy decomposition by water. One of the double salts, 
K,Ca(CO 3). has been found in ashes of forest fires and has received the name fair- 
childite (11). It is unstable in air and is changed to 3K,CO, - CaCO, - 6H,O (Biitschliite) 
and free CaCO . Another double salt, not, however, obtained in the melting tests, is 
shortite (Na,Ca.(CO5), (11), the sodium analogy to the potassium-double salt found 
by Kroger, IlIner and Graeser. It has been observed in drillings together with mont- 
morillonite in an Eocene clay in Wyoming at a depth of 1258-1805 feet. 

None the less, double carbonates of the named or related types may exist in mag- 
matic solutions, and they have probably played an important role in the production 
of carbonatites and SiO,-undersaturated alkaline rocks. 
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The magmas contain as chief volatile constituents H,O and CO,. Accordingly 
equilibrium must be established in deep-seated magmas between silicates on the 
one hand and hydratized compounds and carbonates on the other. Carbonates of 
calcium, magnesium and the alkalies may be formed, and thus the possibility of 
the formation of double salts of the carbonates must be admitted. Normally the 
carbonate content will be low, and probably the chance that it would crystallize 
during cooling is small. Because of the low melting of the double carbonates and their 
mixtures with calcium or alkali carbonates, they must enter in the residual solution 
here also water, alkali hydrates, SiO,, and other substances (presumably as A1,O, 
compounds) are concentrated. With decreasing temperature the double carbonates 
may be decomposed, and their alkali contents may enter into alkali feldspar and 
micas, while the calcium and magnesium may enter into late formed hornblende, 
epidote or they may crystallize as carbonates. The quantities of the carbonates in 
the residual solution must normally be small. But if there are differentiation pro- 
cesses Causing an assembling of carbonates and hydrates in some parts of the magma 
chamber, as for instance through squeezing or through the rise of light substances 
to the upper part of the magma, fractions of them could be formed in which under- 
saturation of SiO, is produced and where the content of alkalies is high. In this way 
carbonate and alkali-rich parts of the magma could be formed. This is the same 
theory that has been proposed by Bowen (12), except that the role played by the 
carbonates is not considered by him. But it seems absurd to deny the possibility 
that alkaline rocks can be formed by fractional processes of this kind. The subject 
will be further discussed in the chapter about the lime-syenites and pegmatites. 

A more effective process of separating the carbonate solution from the silicates in 
a magma should be that of a liquation but little is known concerning this possibility. 


The syntectic theory of Daly 


The feldspathoid-bearing rocks show many variations in different localities but a 
very general property is the occurrence in them of CO,-bearing minerals such as 
‘carbonates and cancrinite, and of silicate derivatives from calcium carbonate, such 
as vesuvianite, melilite, scapolite, and others. Indeed the combination of carbonatites 
and nepheline syenites is so common that the conclusion lies near at hand that the 
building of the latter presupposes the presence of carbonates. The general presence 
of carbonates in connection with alkaline rocks was the basis for the very interesting 
theory of Daly on the syntexis of a magma and carbonate rocks. In his papers con- 
cerning this theme (13) he has discussed the reactions that presumably will take 
place, if a limestone or dolomite is invaded and assimilated by a magma. Briefly they 
are the following : (1) CaCO, and dolomite act as a flux when dissolved in the magma 
in that they diminish the viscosity and aid the reactions and the gravitative move- 
ments of the crystals in the magma. (2) The carbonates are partly dissociated and 
the CaO and MgO made free contribute to the desilication of the magma. The new- 
formed Ca-Mg silicates tend to sink and the residue to be enriched in alkalies and 
aluminium. (3) The liberated CO, forms compounds with the alkalies, if free SiO, is 
absent, and the alkali-CO, compounds tend to rise to a higher level. (4) When calcium 
carbonate and alkali feldspar are heated together, the latter is decomposed and 
forms free alkali oxides. 
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Of these reactions, the last-named (4) is the same reaction that occurs in cement 
kilns, where the alkalies for the greater part are driven up to the smoke stack, a 
minor part being retained as sulphates and sulphites in the clinker and in the lining 
of the kiln. No doubt a decomposition of this kind may occur in a deep-seated magma, 
if carbonate rocks are assimilated; however the alkali-oxides may not escape, but 
may rather combine with CO, and form carbonates, whereas the residue of the feld- 
spars together with CaO and MgO form silicates. 

A difficulty in the reasoning of Daly that has not been discussed is how the calcium 
and magnesium carbonates can be dissolved in the magma. It is also apparent that 
the limestones and dolomites that accompany the nepheline syenites have been in 
solution in its mother magma, and the quantity of carbonate can be rather great. 
Calcium carbonate has a rather high melting point, according to Boeke (14) 1289°C 
at 110 atm. pressure of CO, and it is very slightly soluble in alkalic but not carbonatic 
solutions. 

For this question the information gained from the investigations of the carbonate 
systems as given above, is of importance. Our knowledge of the relations in these 
systems is still incomplete, but the facts known allow of the general statement that 
the alkali carbonates formed during the syntectic reactions in the magma will combine 
with CaCO, and MgCO, to form double salts with low melting points. Thus the dissolv- 
ing media for CaCO, and MgCO, are the alkali carbonates. What composition the 
carbonate mixture in the magma will have is impossible to decide, and it may vary 
in different cases. If the supply of calcium-magnesium carbonate is great and the 
temperature in the magma high, the ratio of CaCO, and MgCO, in the solution will 
tend to exceed that of the alkali carbonates, while at a low temperature the contrary 
may be the case. 

It must be a rather peculiar derivative of magma that is formed if reactions of 
this kind are effective. The resulting solution will be a chiefly carbonatic one, rich 
in alkalies and highly mobile. The freezing temperature must be low, the lower 
boundary lying at about that of the eutectic in the ternary carbonate system Na,CO,— 
K,CO,—-CaCO, or somewhat lower, reasonably at about 600-650°C. Some water from 
the original magma and the assimilated carbonate rock—especially if the latter 
was argillaceous—may be present. 


The mother solution of the Alnoé alkaline rocks 


It may have been somewhat of a shock for geologists when Hégbom 1895 in his 
paper about the classical Aln6 alkaline rocks (15) stated that the limestone associated 
with the nepheline syenite was magmatic in the sense that it had been dissolved 
in the magma and crystallized from it. Since that time, so many instances of the same 
kind have been described that at present the magmatic nature of the carbonate 
rocks in the sense claimed by Hégbom probably may be generally adopted. 

Thanks to the detailed and valuable work of H. von Eckermann (16) the Alné 
alkaline rock complex is perhaps the best known one in the world, and it is of interest 
to quote his conclusions about the mother magma of the rocks. The latter are ac- 
cording to him only to a minor extent products of solidification of primary magma 
and are chiefly the result of metasomatic changes (fenitization) in the environs 
around the magma diatreme. A huge amount of alkalies, chiefly potash, migrated 
outwards from the central part that is occupied by limestone (sévite) and a great 
number of carbonate dikes invaded the fenitized rocks. 
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On the basis of his studies, von Eckermann characterises the mother magma as a 
“magmatic melt, or rather liquid’’, that “‘is suggested to have been a high tensional 
one of low temperature (400-600°C), consisting of mainly carbonates, predominatingly 
potassic and containing as additional essential components: lime, magnesia, alumina, 
iron, titanium and phosphorus, as well as free carbon dioxide, much fluorine and 
comparatively little water” (17). According to the size of the central limestone, and 
with due regard to the many carbonate dikes and the calcium in melilite and wolla- 
stonite in the district, calcium and magnesium carbonate may have made up an 
essential part of the solution. The dominating constituents of the Alné solution may, 
roughly speaking, have formed a mixture of double carbonates and alkali carbonates, 
the molecular proportion of alkalies being greater than that of calcium and magne- 
sium. This mixture must have had a low freezing temperature. If, as perhaps may be 
possible, the mixture was approximately that of the eutectic of K,(CO);, K,Ca(CO,), 
and K,Mg(CO ;),, the melting point would have been lower than 752°C, the eu- 
tectic temperature in the system K,CO,-CaCO;. As some Na,CO, was present, 
the temperature may even have been somewhat lower. Furthermore, as the magma 
has contained much fluorine and carbon dioxide and moderate amounts of water, 
the real temperature may have been further lowered. The upper temperature of 600°C, 
deduced by von Eckermann from mineral reactions seems not improbable according 
to the calculation above. Also phosphorus and titanium, if they are present in alkali 
compounds, act as fluxes. 

In the alkaline district, barium is present in unusual amounts. Barium is known 
to follow potassium in rocks. It is possible that it too was contained in the magma 
solution as carbonate. The behavior of BaCO, in mixtures with K,CO, is still un- 
known, but in mixtures with Na,CO, it forms a low melting eutectic (melting point 
702°C). 


Lime syenites and calcite bearing pegmatite 


Rather many occurrences of these rocks are known from Sweden (2). Of old the 
first named have been called “‘lime granites’? because they occur as modifications of 
granites, but this name is misleading as they are always characterized by absence or 
scarcity of quartz. Unfortunately the rocks in most cases are known only from loose 
boulders. The cases where they have been observed in situ are few, and in reality, 
the relations to the country rocks have been studied only at three localities. These 
are a pegmatite at Skarpé (18), an island in the neighbourhood of the town Vaxholm, 
a lime syenite in the southern part of Stockholm (Skane street) (2), and a pegmatite 
at Getlycke in southern Bohuslan (19). 

According to the description by Hégbom, the calcite bearing pegmatite on Skarpo 
formed an irregular patch on the bottom of a feldspar quarry and had an area of 
only some square metres, with indistinct boundaries against the surrounding normal 
graphic pegmatite. The pegmatite variety in this patch was the famous graphic 
feldspar containing numerous cavities of the same form and distribution as the quartz 
in a usual graphic feldspar (Fig. 4). On account of this it was long considered to be a 
graphic feldspar from which the quartz had been dissolved, leaving the feldspar 
intact, until it was shown that the filling substance of the cavities had been calcite, 
remnants of which also could be found. Both plagioclase and microcline perthite 
were developed in the same manner, though the latter was dominating. The whole 
syenitic modification of the pegmatite consisted of coarse feldspars of this kind. 
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Fig. 4. Specimen of Skarp6-microcline 
perthite with cavities after dissolved 
calcite. Nat. size. 


At Getlycke the calcite-bearing rock forms a border along the one boundary of a 
pegmatite lens, mapped in detail by R. Loostrém (Fig. 7). It has a unilateral building 
with a usual quartz-feldspar-biotite pegmatite in the main northern part. Outside 
of it follow three different zones (B—D), indicating a differentiation in the lens and 
a gradually decreasing freezing temperature in the zones, the lowest temperature being 
found in the outermost border (D), which consists of a reddish microcline perthite 
enclosing calcite grains in a graphic manner though somewhat more sparse than at 
Skarpo.! 

The lime syenite found in Stockholm occurs in ordinary grey Archean granite 
and forms an oval area of about 15 x 7 m. The length can be somewhat greater as 
the extreme end was not exposed in the one direction. Where the boundary of the 
lime syenite towards the granite could be seen, it was rather definite but did not have 
the character of a sharp contact. The lime syenite was a grey or secondary red, 
medium grained rock, devoid of quartz, and contained numerous greater and lesser 
cavities filled by a clear calcite, the individuals of which can occupy several adjacent 
cavities. In this rock lie lumps or Schlieren of coarse, red pegmatite feldspar (micro- 
cline) also enclosed by a coarse network of calcite; in feldspar lumps of this kind 
one also could find the calcite distributed in the same graphic manner as in the Skarp6 
occurrence. 

The mineral assemblage found together with the calcite in all these rocks is of a 
characteristic kind. The most conspicuous mineral is an alkali feldspar, grown as 
borders from the feldspar of the walls of the cavities and protruding as small tables 
or idiomorphic tops into the calcite (Figs. 5, 6). Crystallographically this border 
feldspar has the same orientation as the adjacent earlier feldspar, on which it has been 
formed. In those cases where the earlier feldspar is microcline, the border consists of 
potassium feldspar, and in the cases when the former is a plagioclase, the border is 
albite. Idiomorphic alkali feldspar crystals wholly enclosed in the calcite of the cavities 
and lying free in it can also be seen. The late formed border feldspar is always present 


1 According to R. Loostrém the lime should have come from without and been deposited sec- 
ondarily during a superficial partial crushing of the pegmatite, but this is hardly prokable. 
Among other things it does not explain the absence of quartz in the rock. 
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Fig. 5. Border of potassium-feldspar crystals grown on microcline as idiomorphic tops protruding 
into a calcite filled cavity (the dark substance in the upper part). 220 x. From Sédermalm in 
Stockholm. 


Fig. 6. Small albite tables, forming borders along the walls of cavities in a plagioclase from which 
the original calcite fillmgs have been partly dissolved, 45 x. Skarp6 pegmatite mine. 


both in the cavities of the graphic feldspar individuals and in the interstices between 
the feldspar grains in the lime syenite. Other minerals in the lime-filled cavities 
are some muscovite, chlorite and biotite. Quartz can be found but only in small 
amounts. In Skarpé the quartz is non-idiomorphic against the feldspar borders but 
has itself idiomorphic forms against the calcite. In this connection a find by A. 
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Bygdén may also be mentioned; he found as a rarity on the waste heap specimens 
consisting of porous agglomerations of small idiomorphic quartz crystals. Prob- 
ably the cavities in the quartz-aggregates had been filled with calcite together with 
some alkali-feldspar and micas of which the two latter-remained. Thus in the same 
pegmatite body we have had the nearly quartz-free calcite bearing graphic feldspar 
rock and mixtures of nearly pure quartz and calcite. Unfortunately it is not known 
if they have occurred together or not, but the quartz-calcite rock must have been 
of an inconsiderable quantity. 

The feldspar with calcite in a graphic distribution is a peculiar thing. The calcite- 
filled cavities have strictly the same lamellar forms as the quartz in a graphic feldspar, 
but the former are filled with two or three generations of minerals, the feldspar 
borders being oriented parallel to the mother feldspar, the calcite often forming 
more individuals in one and the same hollow, and the micas and the quartz, if present, 
being developed as idenpendent grains. It seems inevitable to suppose that the mother 
feldspar upon its crystallization enclosed a solution that afterwards gave rise to the 
cavity-filling minerals. If this is correct, the forms of the graphic cavities must have 
been determined by the feldspar.! 

A survey of thin sections from loose boulders and in situ finds of lime syenites from 
different localities of Sweden brings out few new facts. The rocks are generally very 
salic, and both plagioclase-dominated and potassium-rich rocks are present. The 
mineral assemblage in the carbonate-filled cavities is similar to that described above. 
Locally epidote also is seen. In a sample from Vassar6, an island in Upland, prehnite 
was present in considerable amounts. Fluorite is rarely adjoined. 

The quantity of the minerals occupying the cavities is varying. In specimens from 
Skarpo, A. Bygdén calculated the quantity of quartz—assuming that the substance 
filling the cavities had been this mineral—to be about 25% on the average (20). 
The figure may have been raised a little, if the calculation had been made for calcite. 
In Getlycke the content of the cavities is less, but in the lime syenites the quantity 
of carbonate can reach 30 to 40%. 

The lime syenites have been supposed to obtain their mineralogical properties 
through assimilation of limestone (21). This is not probable in the three instances 
studied here, partly because no limestones are known in the surroundings where 
they occur, and partly because no traces of lime silicates are found in the rocks. 
Also, the development as small isolated bodies in the interior of a granite or pegmatite, 
or as a border in the zonally differentiated Getlycke pegmatite, argues against the 
syntectic theory. According to the view of the writer, the probable interpretation of 
these peculiar rocks is that they are of magmatic origin, formed through an assembling 
on a small scale of low melting substances of the kind alluded to in the chapter above 
on carbonates in a magma. The assembling process may have modified the chemical 
composition of the granite and pegmatite respectively, and has given rise to the 
solution from which the minerals were deposited in and between the feldspars. To 
judge from the filling of the cavities, this solution should have contained mainly 
calcium carbonate but also the ingredients of the alkali feldspar borders, of some 
chlorite, muscovite and sometimes biotite and a little quartz. But the solution was 
a carbonate-rich one, and the potassium, probably before the beginning of crystalliza- 


* According to A. E, Fersmann (Z. Krist. 69, 77, 1929) the parallel orientation of the quartz 
spindles in graphic feldspar is determined by the growth of the feldspar. The forms of the hiero- 
glyphs on sections perpendicular to the spindles should be the result of an interaction of the 
crystal form of both minerals. 
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tion, must have been in carbonatic combination and formed double carbonates with 
CaCO;. Water may also have been present. Indeed the amount of substances assem- 
bled in the carbonatite bodies must not have been restricted to that contained in the 
calcite filled cavities. Originally the amount can have been greater, embracing 
a greater quantity of potassium as carbonate and hydrate, hydrates of aluminum 
or aluminates, and possibly also remnants of decomposed (by water and CO,) 
potassium and albite feldspar. If substances of this kind are enriched in a small 
volume of the granite magma the magma will become saturated with them, and they 
will begin to react with the free SiO, in the granite and tend to give the magma 
a syenitic character. When crystallization began, the microperthite and plagioclase 
were crystallized first, leaving a solution of lower temperature containing the 
components of the minerals in the cavities. This solution was a carbonatic one, con- 
taining double carbonates and CaCOsg, and its freezing temperature was low, especially 
since water had been enriched. At further lowering of the temperature the water may 
have caused a decomposition of the double carbonates, and the feldspar borders, 
quartz and micas were formed. The late crystallization of the calcite perhaps is due 
to the high Co, and H,O content of the residue and the production of bicarbonate 
until the surplus of CO, had escaped. 

The carbonate-bearing syenite and pegmatite bodies may well be spoken of as 
carbonatites. According to the theory given above they can be regarded as small 
embryonic beginnings of alkaline rocks, though the development has in no case as 
yet known advanced as far as the building of feldspathoides; and a small surplus of 
SiO, is still present. 
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On the genesis of the nepheline syenites 


The chief purpose of the present paper is to draw the attention of geologists to the 
properties of the double carbonates of calcium, magnesium and alkalies and to the 
role they and mixtures of them and alkali-, calcium- and magnesium-carbonates 
may play in the production of carbonatites and alkaline rocks. Since it must be 
regarded as possible that nepheline syenites can be produced both through differ- 
entiation in a magma and through assimilation of carbonate rocks, no general con- 
clusion concerning their genesis can be drawn. It must be the task of the investigators 
in the individual cases to find, if possible, evidence for either of the alternatives.! 
Only in the case of the lime syenites and the calcite- bearing pegmatites that have been 
studied in some detail has the present author taken a definitive standpoint. 

Concerning the Alno alkaline rocks von Eckermann rejects the possibility of a 
syntexis of magma and a carbonate rock. The reason for this is partly the absence in 
the environs of Alné and in general in this part of Sweden of carbonate rocks in the 
Archean, but furthermore, according to him the composition of the mother solution 
makes it impossible to deduce it by syntexis. None of the arguments are conclusive, 
and, as shown above, a derivation of a magma of this kind by syntexis may theoreti- 
cally be possible. But the writer joins with him in that it seems to be scarcely probable 
that the magma should have found a carbonate rock in its way, considering the consti- 
tution of the Archean. The same can be said about most of the other occurrences of 
alkaline rocks in Sweden. 

von Eckermann makes no positive statement about the genesis of the Alné rocks. 
But if the syntectic origin is rejected, it seems difficult to find any other alternative 
than that of differentiation from a magma. Also if one thinks of a palingenesis as the 
origin of the mother liquid, we must deal with magmatic solutions. Perhaps a fact in 
favour of a magmatic origin of the Alno mother liquid is its richness in fluorine and 
also in titanium and phosphorus. 
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Communicated 5 June 1957 by Percy QuENSEL and Frans E. WickMaN 


The chemical composition and symmetry of caryinite 


By Kurt Bostrom 


ABSTRACT 


An X-ray investigation of the original material of Hj. Sjégren (1895) has been made, showing 
that caryinite is monoclinic, belonging to space group P2,/c and having ag= 11.48 A, bg = 13.17 
A, cg=6.87 A and B= 99.0°. A new partial chemical analysis shows that caryinite contains Si05, 
and by correcting the old analysis, the formula (Pb, Ca, Na, Mn)3(Mg, Mn)2(AsO4)3_y(OH), is ob- 
tained. The unit cell contains 4 formula units. 


Introduction 


Caryinite was first described by C. H. Lundstrém (1874). Unfortunately, his 
chemical analysis of the mineral was made on impure material. In 1875 A. Sjo- 
gren published a paper in which he reported paragenetic observations, stating 
that caryinite always occurs surrounded by berzeliite. From his observations and 
the chemical analysis, he drew the conclusion that berzeliite is formed from 
caryinite. These observations were confirmed by W. Lindgren (1881). In addition 
Lindgren observed three cleavage planes, all perpendicular to each other. The 
mineral was therefore regarded as orthorhombic. In the same year, however, Des 
Cloizeaux made a careful optical investigation of caryinite and noticed that the 
mineral exhibited horizontal dispersion. He therefore concluded that the symme- 
try was monoclinic. Hj. Sjogren (1895) made a thorough study of caryinite, but 
was unable to observe any horizontal dispersion: for this reason and others, he 
concluded that caryinite must be orthorhombic. Furthermore, he discovered that 
caryinite is not always surrounded by berzeliite, and it was thus possible for 
him to have a chemical analysis performed on pure material by R. Mauzelius. 

E. Larsen (1921) and N. H. Magnusson (1930) have both studied caryinite, but 
not from the present point of view. 


Unit cell and space group 


The present writer has made an X-ray study of the crystallography of cary- 
inite using the original material of Hj. Sjogren (R.M.A. 221444). The specimen 
used was about 0.5x0.1x0.1 mm in size, and showed cleavage surfaces. Using 
both unfiltered and Ni-filtered Cu radiation, rotation and Weissenberg equi-in- 
clination photographs (zero, first and second layer lines) weve taken, employing 
the c-axis as the axis of rotation. Refined values for the unit cell dimensions 
were obtained from a powder-photograph taken with a Guinier camera. 
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Table 1. d-values for caryinite. 


& 


dA | i | hkl | dA | I | hkl 
| 
8.60 1 110 2.258 1 - 
6.50 1 020 2.080 1 152 
5 ‘ 2 
it the uses | Soto iebe 
4.54 1 12] | 1.925 1 442 
4.45 1 511 | 1.900 1 — 
4.19 1 121 | 1.877 1 _ 
4.09 1 130 1.849 1 532 
3.88 1 Dill 1.841 1 — 
3.69 1 031 1.801 l 6022 
3.64 1 310 | 1.748 1 323? 
3.33 ang aaa i amalicel 
3.29 2 040; 112 1.699 1 004 
3.21 1 231 1.666 1 —_— | F 
3.14% 9 302° 1.641 1 532; 172; 080; 224 
3.12 i) 321 | 1.510 1 172 
3.03 3 112; 022 | 1.558 1 471 
2.964 1 231 1.551 1 602 
2.903 2 112; 141 | 1.540 1 334 
2.868 | 330; 240 1.536 i = 
2.849 | a 400 l 1.522 1 224: 730 
2.810 1 321 1.507 1 471 
2.790 2 = 1.491 1 — 
2.730 2 202 1.435 1 570; 372; 381; 642 
2.686 5 132; 411; 312 |] 1.414 1 800 
2.659 1 = | 1.394 1 334 
2.536 2 132 e373 1 LOG cy 
2.445 1 411 1.360 1 712; 215 
2.363 1 042 | 1.343 i 125 
2.329 l 332 1.329 1 105 


* Calculated. 
> From Weissenberg photograph. 
© Shadowed by first KCl line. 


The values are as follows (Cu K,,= 1.5405 A): 
dy = 11.48+0.02 A 
6, = 13:17 £0.0rx 
Co= .6-87-.0,09 & 


p=99.0 +01. 
V = 1027 AS 


The d-values were determined by means of a Guinier camera (Cu K,, radiation) 
using KCl as the standard substance. 
In Table 1, the d-values are listed. 
The reflections observed in the Weissenberg photographs satisfied the following 
conditions: 
(Akl) none 
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These are the conditions stated for space group No. 14 of the International 
Tables: P2,/c. However in addition to these, the following conditions are also 
satisfied (disregarding a few weak reflections). 


(hkl) ht k+1l=2n 
(h 01) apy 


The first relationship is satisfied for 183 observed (hk 0) reflections, and is not 
satisfied for only 6. It is satisfied for all reflections observed on the first and 
second layer line photographs. These conditions show that the pseudo-lattice is 
body-centred, and that a glide plane c/2 is present in it; we therefore have a 
pseudo space group I 2/c. This can be transformed into J 2/a by exchanging the 
a- and c-axes, which is then an alternative setting of space-group No. 15 (C 2/c) 
in the second setting. This space group is a subgroup of No. 230 ([a3d), the 
same as that of berzeliite and garnet. 


Chemical composition 


The only reliable analysis of caryinite is that performed by Mauzelius and 
published by Hj. Sjogren (column 1 of Table 2). This analysis is suspicious in that 
it lacks SiO,, since it has been shown (cf. e.g. Machatschki, 1932) that berzeliite 
regularly contains small amounts of SiO,. If SiO, is present in the caryinite 
analysed by Mauzelius, it has almost certainly been included in the As,O; value. 


Table 2. The chemical composition of caryinite. 


1 | 2 | 3 | 4 | 5 

As,O; 49.78 49.57 As 37 
P.O; 0.19 0.19 12 0.07 11.53 12 
V0; trace? — Si 0.09 
SiO, not determined 0.21 Mg 2.02 
MgO 3.09 3.09 | HKe?* 0.20 8.22 8 
FeO 0.54 0.54 6.00 
MnO 18.66 is.66 | Mn O93") 0-98 
Na,O 5.16 5.16 | Na 4.39 
K,0 0.37 0.37 K 0.21 
a0 12.12 12.12 | Ca 5.70 oe M2 
BaO 1.03 1.03 | Ba 0.18 
PbO 9.21 9.21 Pb 1.09 
H,O 0.53 0.53 H 1.57 1.57 s 
Cl trace — O 47.99 47.99 48 
Total 100.68 | 100.68 | 81.81 | 

1. Original analysis of Mauzelius in Sjogren (1895). 

2. Corrected analysis, assuming the As,O; value of column 1 to include SiQ,. 

3. Cell content, assuming structural water. Mol. weight of unit cell = 2654. 

4. Number of atoms per unit cell, assuming Mn to distribute itself between the 6 coordinated 


and the higher coordinated positions as follows: “6” = 6.00 Mn, “higher” = 0.93 Mn. 
5. Ideal cell content. 


t 
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Therefore Dr. R. Blix kindly made a separate SiO, determination on the original 
material. He found that the SiO, content of this particular caryinite was 0.21 %. 
The corrected analysis is given in column 2 of Table 2. 

It seems plausible that the water content belongs to the structure. The atomic 
content of the unit cell is given in column 3 of Table 2. The density observed 
by Mauzelius was 4.29 g/cm’ at 14°C. It also seems natural to assume some cor- 
respondence between the formulas of caryinite and berzeliite. Therefore the cations 
in column 4 of Table 2 have been divided into three groups, one group of cations 
occurring in oxygen tetrahedra, a second group occurring in octahedra often made 
up entirely of oxygen atoms, and finally a group of larger cations. Manganese 
belongs to both of these two latter groups, and has consequently been divided 
between them, but the major part of it belongs most likely to the group of cations 
having six-fold coordination. Thus we get the following formula: 


(Pb, Na, Ca, Mnh)12.50(Mg, Mn)z_22[(As, Si, P)O¢)11.53(OH)1.57 


Summing up, it seems possible to state the caryinite formula in the following 
way, the unit cell being regarded as containing 4 of these formula units: (Pb, 
Ca, Na, Mn)3(Mg, Mn)2(AsO,)3_y(OH);z, where x and y are small numbers. It is im- 
possible to say anything about the covariancy of the ions. The removal of AsO{7 
creates a small deficit of negative charge, which is balanced by the introduction 
of OH- ions and by the substitution of univalent cations for bivalent ones. All 
this shows that it is possible to regard caryinite as a berzeliite containing lead 
and water, and to suppose that the cause of the non-existence of cubic symmetry 
resides in the fact that there is a rather large fraction of cations which are larger 
than calcium. 

The hydroxyl content of caryinite can be regarded as similar in nature to that 
in the garnet group, e.g. the series grossularite-hydrogarnet. 
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Communicated 8 January 1958 by Per Grryer and Frans E. WickMAN 


An attempt to determine the effect of cations 
on the extinction angle of clinopyroxene ec)» with 
the aid of linear regression equations 


By Axe HENRIQUES 


SUMMARY 


A linear regression equation (No. 2) for the extinction angle c / y of the clinopyroxene as 
a function of the mineral’s chemical composition has been calculated. The equation is found 
to be valid only within the limits of chemical variation, in the material studied, and it is thus 
not allowed to extrapolate its use outside this region. 


The investigation was carried out assuming that to the first approximation 
the extinction angle cy varies linearly with the chemical composition. From 
a quantum-mechanical point of view are, however, small deviations from linear 
dependence explicable. 

As a basis for the investigation the author has used the determination of op- 
tical and chemical properties for clmopyroxenes made by Hess (1949). 

The following equation has been used for the extinction angle cA y(=u): 


u=at+da;,N; (1) 


where a is a constant, a; represents the effects of cation of type 7 on the ex- 
tinction angle wu. N; is the number of the cations in a definite volume. 
The general clinopyroxene formula can be written as (Hess, 1949): 


W1-p(X, VY)i+n Za Os 


where W=Ca?*, Nat, Kt 

ee Mg?*, ier, Ni2* 

YxAl*, Titt Cet Fe*t 

Tas wAPesti, Cr*  Fet*: 
The ideal formula for the clinopyroxene indicates that XZ as well as X(W + X + Y) 
are both=2 reckoned on 6 oxygen. According to the electroneutrality & (1 W + 
+1X+1Y+1Z)=12 where / is the charge of the different ions. The chemical 


constituents in the pyroxenes are therefore not all independent variables but 
inner relationships occur. 
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Table 1. Calculated and observed extinction angles of the clinopyroxen 
according to equation (2). 


No.t | U° cale. | U° obs. | US No.1 | U° cale. | U° obs. | JX Cle 
1 39 39 0 20 50 50 0 
2 39 40 1 21 43 43 0 
3 40 4] 1 22 44 46 2 
4 42 41 =I 23 45 45 0 
5 41 41 0 24 45 44 = 1} 
6 40 41 1 25 48 47 = 1h 
7 42 41 el 26 45 44 = 
8 41 41 0) 27 50 48 =—2 
9 42 43 1 28 43 44 it 

10 42 42 0 29 43 44 1 
11 43 42 =I 30 43 44 1 
12 44 44 0 31 43 44 1 
13 44 43 =! 33 44 44 0 
14 46 43 8) 35 39 40 1 
15 46 43 -3 36 39 40 1 
16 43 43 0 37 45 45 0 
17 46 48 2 38 47 48 1 
18 47 48 1 39 50 51 1 
19 55 57 2 


1 The same numeration is employed as in Hess’ paper. 


In calculating the number of cations the Z-positions have been added up with 
Al** (4) to exactly 2 while the condition &(W +X + Y) =2 is not rigorously valid 
(Table 3). Finally the way in which the number of cations on the basis of 
6 oxygen ions have been calculated makes the electroneutrality condition © (J W + 
+1X+1Y+1Z) exactly fulfilled for all the analyses. Thus two inner relation- 
ships exist and in accordance with the theory of regression equations (Hald, 1948) 
the constant term and Al** (4) are left out. 


U =(—8.86 + 7.68) Sit + (17.81 + 13.29) Al** (6) — (18.20 +31.42) Ti+ — 


=a 

— (5.25 +26.40) Or** + (63.88 + 10.13) Fe®* + (39.37 + 8.62) Fe* + 

+ (40.86 + 18.17) Mn®* + (30.75 + 8.12) Me** + (24.48 + 7.66) Ca2* + @) 
( 


+ (73.10 421.93) Nat — (36.08 + 108.25) K*. 


In spite of fairly good agreement between calculated and observed values on 
the material from which the regression equations were deduced (Table 1) equa- 
tion (2) does not seem to represent the variation of the extinction angle with 
chemical content. The average errors of the regression coefficients are too great 
(Henriques, 1957). This becomes also apparent with a comparison between values 
calculated from equation (2) for diopside, hedenbergite, johannsenite, aegirine and 
jadeite and values given in the literature (Table 2). The main reason for this 
would seem to be that the contents of a number of ions in the study material 
were too small (Table 3). In order to reduce the average error of the regression 
coefficients it is required then that material with a wider variation for all con- 
stituent ions be used. 
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Table 2. Observed and calculated extinction angles of diopside, hedenbergite, 
johannsenite, aegirine, jadeite according to equation (2). 


U? calc. U° obs. We 
Diopside CaiMeSi, © mine cer eres mets 38 381 0 
iiedenbergite: (CalleSivOgwi. . Sinema 39) Ges 46 481 2 
Johannsenite CaMnSi,O, .......... 48 482 0 
Aegirine GUIS Os TB es. & 4 6 GO a 119 98-1071 min.— 12 
max. — 21 
Jadeite INEYAISTAOVE. TG cl 6c. bana Ge 73 33-351 min. — 38 
max. — 40 
1 Tréger (1956) 2 Schaller (1938) 
Table 3. 
Ranges of the proportions Average error in 
of cations on the basis of regression coefficients 
six oxygen atoms in equation 2 
min. max. 
SE et nes 1.751 1.988 7.68 
ALG) He. 0.001 0.104 13.29 
Cho lt a ee 0.001 0.043 31.42 
GAN Kage green 0.000 0.035 26.40 
ee ee 0.009 0.173 10.13 
Fe" 0.028 0.925 8.62 
cae! pace ial aes 0.002 0.129 18.17 
i ip 2 SP een eas 0.019 1.064 8.12 
Cae a 0.708 0.972 7.66 
Nee Sir. Ss 0.004 0.120 21.93 
Kk 0.000 0.008 108.25 


The regression equation was solved with a digital computor (BESK) by the 
method of squares in accordance with the Gauss elimination method. The average 
error was calculated in accordance with the formula: 


y2 ie 


m—-n 


(Xie 


where X;,;+2 is the diagonal element belonging to X; in the diagonal element of the 
inverse matrix. It is finally mentioned that no account was taken of errors in the 
physical and chemical determinations in the derivation of the regression equations. 
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Communicated 8 January 1958 by Prr GrryeR and Frans E. WickMAN 


The influence of cations on the optical properties 


of clinopyroxenes 
Part I 


By Axe HENRIQUES 


SUMMARY 


Regression equations for the optical properties («, 8, y and 2V) as a function of the chemical 
composition of clinopyroxene have been calculated. Comparisons with earlier investigations of the 
same type are made. 


Introduction 


Hori (1954 and 1956) studied the optical properties of pyroxene as a function of 
the chemical composition. He took as an approximation that the optical properties 
for phases with similar crystal structures vary linearly with the chemical composition. 
He indicated, however, that from a quantum-mechanical point of view deviations 
from linear dependence are explicable. A treatment of the problem with regard to 
this subject would, however, be extremely complicated. For «, 6, y and 2V Hori 
postulated equations of the type: 


“=a, + La, Ni (1) 
p=agt+ Xap Ni (2) 
y=a,+ La, N; (3) 
OV = Gay Daye Ni (4) 


where a,, dg, 4, and dz y are constants, @;, di g, 4, and a2 y represent the effects of 
the cation of type 7 on the refractive indices «, 6, y and the optic axial angle 2V. N; 
is the number of the cations in a definite volume. As a basis for the investigation Hori 
employed determinations of optical and chemical properties of clinopyroxenes made 
by Hess (1949). On the same material the author has worked out anew the corre- 
sponding regression equations. Moreover the average error of the regression coeffi- 
cients as well as the changes in the optical properties during ionic substitution have 
been determined. Comparison between the author’s and Hori’s values of correspond- 
ing regression coefficients does not show good agreement. This is due to the incorrect 
mathematical form of Hori’s regression equations. (See below.) 
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Table 1. Calculated and observed refractive indices of clinopyroxenes according to 
equations (5-7). 


No. Qeale, obs. | Au | Beatc. | Bobs. | AB | Yealc. | Yobs. | Ay 
1 1.672 1.672 0.000 1.680 1.678 | —0.002 1.702 1.701 | —0.001 
2 1.675 1.674 | —0.001 1.681 1.680 | —0.001 1.702 1.702 0.000 
3 1.678 1.680 0.002 1.683 1.685 0.002 1.705 1.706 0.001 
4 1.681 1.681 0.000 1.686 1.685 | —0.001 1.708 1.706 | —0.002 
5 1.680 1.681 0.001 1.685 1.685 0.000 1.706 1.708 0.002 
6 1.681 1.682 0.001 1.686 1.687 0.001 1.708 1.709 0.001 
7 1.685 1.683 | — 0.002 1.690 1.686 | — 0.004 el: 1.709 | —0.003 
8 1.681 1.682 0.001 1.686 1.687 0.001 1.709 1.709 0.000 
9 1.683 1.682 | —0.001 1.688 1.688 0.000 1.711 1.710 | —0.001 
10 1.684 1.683 | —0.001 1.689 1.687 | —0.002 efile | 1.710 | —0.001 
1l 1.688 1.687 | —0.001 1.693 1.692 | —0.001 1.716 1.715 | —0.001 
12 1.692 1.691 | —0.001 1.697 1.695 | —0.002 1.720 1.719 | —0.001 
13 1.693 1.692 | —0.001 1.699 1.697 | —0.002 L720 1.719 | —0.002 
14 1.699 1.699 0.000 1.706 1.706 0.000 ier Pazs Arar) 0.000 
15 1.699 1.700 0.001 1.707 1.706 | —0.001 1.728 1.728 0.000 
16 1.706 1.708 0.002 eailics 1.714 0.001 Tis 1.736 0.002 
17 1.707 1.708 0.001 ahs 1.715 0.002 1.735 1.735 0.000 
18 ies L723 0.000 1.730 1.730 0.000 1.751 1.751 0.000 
19 1.735 1.736 0.001 11 g2t83 1.745 0.002 1.764 1.765 0.001 
20 1.696 1.698 0.002 1.704 1.706 0.002 1.724 1.724 0.000 
2 1.692 1.689 | —0.003 1.698 1.695 | —0.003 1.719 1.716 | —0.003 
22 1.694 1.693 | —0.001 1.700 1.698 | —0.002 (eral) 1.720 | —0.001 
23 1.704 1.699 | —0.005 1.710 1.705 | —0.005 1.730 1.726 | —0.004 
24 1.708 1.709 0.001 es eae 0.001 1.733 1.734 0.001 
25 1.713 1.715 0.002 1.718 Ry PA 0.003 1.738 1.740 0.002 
26 Nsgaly 1.710 | —0.002 1.718 1.715 | —0.003 TEBE 1.735 | —0.004 
27 1.729 1.726 | —0.003 I 7ISK8 1.733 | —0.003 1.758 1.755 | —0.003 


28 1.691 1.693 0.002 1.695 1.697 0.002 Tero 1.722 0.003 
29 1.693 1.694 0.001 1.698 1.698 0.000 1.721 1.722 0.001 
30 1.692 1.694 0.002 1.697 1.698 0.001 1.720 1.722 0.002 


31 1.694 1.695 0.001 1.698 1.701 0.003 1.722 1.725 0.003 
33 1.696 1.697 0.001 1.700 1.701 0.001 1.725 1.724 | —0.001 
35 1.671 1.672 0.001 1.677 1.679 0.002 1.700 1.701 0.001 
36 1.672 1.674 0.002 1.679 1.681 0.002 1.701 1.703 0.002 
37 1.696 1.692 | —0.004 1.703 1.698 | — 0.005 1.723 Lo7LOe | 0,002 
38 1.706 1.707 0.001 1.713 1.714 0.001 1.732 1.733 0.001 
39 el) 1.721 0.002 1.727 1.729 0.002 1.744 1.746 0.002 


The general formula for clinopyroxenes may be written (Hess, 1949): 


Wi-»(X, Y)is+p 2,05 
where W = Ca*+, Nat, Kt 
X =Mg?", Fe?+, Mn?', Ni? 
Y = Al3+, Tit+, Cr*+, Fe3+ 
Z =Sit*', Alt, Ti**, Cr?+, Fe. 


If Si** is less than 2 then Al?+, Tit, Cr?+ or Fe*+ will take a corresponding position 
(with tetrahedral coordination). For the pyroxenes from which the regression equa- 


342 


ARKIV FOR MINERALOGI OCH GEOLOGI. Bd 2 nr 22 


Table 2. Calculated and observed optical angles of clinopyroxenes according to 
equation (8). 


No. | Cen | PM oe | A2V | No. | OW aes | 2 Vors, | A2V 
1 57 58 1 20 66 66 0 
2 53 56 3 21 53 56 3 
3 50 50 0 22 56 55 —] 
4 48 49 1 23 56 56 0 
5 50 49 =i 24 55 56 1 
6 50 49 =H 25 58 57 —] 
7 49 48 = 26 54 54 0 
8 50 52 2 27 60 59 -1 
9 50 52 2 28 46 44 Mo) 

10 48 52 4 29 47 47 0 
il 48 51 3 30 46 47 1 
12 48 48 0 31 46 49 3 
13 54 51 —3 33 44 40 -—4 
14 59 58 a 35 56 57 1 
15 59 49 —10 36 56 57 i 
16 60 60 0 37 61 59 -2 
17 56 57 1 38 63 62 = 
18 61 63 2 39 65 68 3 
19 66 70 4 


tions were worked out Ti**, Cr?* or Fe*+ did not need to be used. The aluminium 
content was in all cases sufficient. 

The formula of the clinopyroxene indicates that XZ and X(W + X + Y) are both 
= 2 reckoned on 6 oxygen. According to the electroneutrality U(JUW +1X +1Y +1Z) 
is = 12 where / is the charge of the different ions. The chemical constituents of the 
pyroxene are therefore not all independent variables but three inner relationships 
occur. 

In calculating the number of cations the Z-positions have been added up with 
Als+ (4) to exactly 2 while the condition &(W + X + Y) = 2 is not rigorously valid. 
Finally the way in which the number of cations on the basis of 6 oxygen ions have 


been calculated makes the electroneutrality condition &©(IW+I1X+1Y + IZ) 
exactly fulfilled for all the analyses. Thus two inner relationships exist. In order 
‘to permit solution of the equation systems (1-4) the constant and one of the ion 
types must be removed. It is certainly possible to obtain solutions containing 


both constants and all ionic varieties but on account of the above reasons such 
equations cannot be ascribed any real importance (Hald, 1948). (Hori, however, 
neglected this in the solution of the regression equations.) 


Optical properties for clinopyroxenes according to equations of the type (1-4). 
= (0.231 +0.013) Si + (0.868 + 0.022) Al (6) + (1.190 40.052) Ti + 
(0.960 + 0.043) Cr + (0.970 + 0.017) Fe?+ + (0.657 + 0.014) Fe?* + 
(0.614 + 0.030) Mn + (0.592 +0.013) Mg +(0.61140.013)Ca + 
(0.348 +0.036) Na + (0.050 +0.178) K 
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Table 3. Calculated and observed refractive indices of clinopyroxenes according to 
equations (11-13). 


p= 


= 
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Xeale 
1 1.673 
2, 1.675 
3 1.679 
4 1.682 
5 1.680 
6 1.682 
4 1.686 
8 1.681 
9 1.684 
10 1.684 
11 1.689 
12 1.692 
13 1.694 
14 1.700 
15 1.700 
16 1.706 
iby 1.708 
18 1.723 
19 1.736 
20 1.696 
21 1.692 
22, 1.694 
23 1.704 
24 1.707 
25 Weep ils} 
26 Veil 
27 1.728 
28 1.692 
29 1.694 
30 1.693 
31 1.692 
33 1.693 
35 1.672 
36 1.673 
37 1.696 
38 1.706 
39 1.720 
(0.239 +0.013) S 
(0.962 +0.045) 
(0.605 +0.031) 
(0.352 +0.038) N 
(0.253 +0.013) 8 
(0.929 +0.045) 
(0.596 +0.031) 
(0.334 + 0.037) N. 


| Beate. | Bobs. | AB | Veale. | V obs. | Ay 


“obs. | 
1.672 | —0.001 1.679 1.678 | —0.001 1.701 1.701 0.000 
1.674 | —0.001 1.680 1.680 0.000 1.701 1.702 0.001 
1.680 0.001 1.683 1.684 0.001 1.704 1.706 0.002 
1.681 — 0.001 1.686 1.685 | —0.001 1.707 1.706 | —0.001 
1.681 0.001 1.684 1.685 0.001 1.705 1.708 0.003 
1.682 0.000 1.685 1.687 0.002 1.707 1.709 0.002 
1.683 | — 0.003 1.689 1.686 | —0.003 Tez 1.709 | —0.002 
1.682 0.001 1.685 1.687 0.002 1.707 1.709 0.002 
1.682 | —0.002 1.688 1.688 0.000 1.710 1.710 0.000 
1.683 | —0.001 1.688 1.687 | —0.001 1.710 1.710 0.000 
1.687 | — 0.002 1.692 1.692 0.000 1.715 EAN 0.000 
1.691 — 0.001 1.696 1.695 | —0.001 1.719 1.719 0.000 
1.692 | —0.002 1.698 1.697 | —0.001 1.719 1.719 0.000 
1.699 | —0.001 LeaOS 1.706 0.001 1.726 1.727 0.001 
1.700 0.000 1.706 1.706 0.000 1.726 1.728 0.002 
1.708 0.002 Lil 1.714 0.002 1.734 1.736 0.002 
1.708 0.000 1.713 L715 0.002 1.734 Lei35 0.001 
1.723 0.000 1.729 1.730 0.001 1.750 Hevesi 0.001 
1.736 0.000 1.744 1.745 0.001 1.763 1.765 0.002 
1.698 0.002 1.703 1.706 0.003 1.722 1.724 0.002 
1.689 | —0.003 1.697 1.695 | —0.002 1.718 1.716 | —0.002 
1.693 | —0.001 1.699 1.698 | —0.001 1.720 1.720 0.000 
1.699 | —0.005 1.709 1.705 | —0.004 1.729 1.726 — 0.003 
1.709 0.002 ie phile. 1.714 0.002 eo 1.734 0.003 
1715 0.002 1.718 L721 0.003 Ee vi 1.740 0.003 
1.710 | —0.002 gy iligg 1.715 | — 0.002 1.738 1.735 | — 0.003 
1.726 | —0.002 1.734 1.733 | —0.001 1.756 1.755 | —0.001 
1.693 0.001 1.695 1.697 0.002 1.718 1722 0.004 
1.694 0.000 1.697 1.698 0.001 1.720 1.722 0.002 
1.694 0.001 1.696 1.698 0.002 1.719 1.722 0.003 
1.695 0.003 1.698 1.701 0.003 ier PAl Tot: 0.004 
1.697 0.004 1.700 1.701 0.001 1.724 1.724 0.000 
1.672 0.000 1.677 1.679 0.002 1.700 1.701 0.001 
1.674 0.001 1.678 1.681 0.003 1.700 1.703 0.003 
1.692 | —0.004 1.702 1.698 | —0.004 1.722 1.719 | —0.003 
eek Ore 0.001 Lez 1.714 0.002 deaak (ress: 0.002 
1721 0.001 1.726 1.729 0.003 1.743 1.746 0.003 
i + (0.855 +0.023) Al (6) + (1.164+0.054) Ti + 

Cr + (0.979 +0.017) Fe®+ + (0.649 +0.015) Fe?+ + 
Mn + (0.584 + 0.014) M + (0.610 +0.013) Ca + 

+ (0.070 0.186) K (6) 

+ (0.847 +0.023) Al (6) + (1.232 -+0.054) Ti + 
Cr + (0.964 +0.017) Fe*+ + (0.649 +0.015) Fe2+ + 
Mn + (0.585 +0.014)Mg +(0.604+0.013) Ga + 

+ (0.169 +0.184) K (7) 
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Table 4. Calculated and observed optical angles of clinopyroxenes according to 
equation (14). 
eee tele oe i a OE ae ee ae = 


No. | aera | 2-Vaes | V2vV | No. | 2 Vig | 2 Vobs. | A2vV 
ae a ee | SS SE a | open A ces (ena 
. 57 58 1 20 66 66 0 
2 53 56 3 21 53 56 3 
3 51 50 4 22 56 55 =) 
4 48 49 1 23 56 56 0 
5 50 49 5 24 55 56 1 
6 50 49 =) 25 59 57 =o 
7 49 48 =I 26 54 54 0 
8 50 52 2 27 60 59 srl 
9 50 52 2 28 46 44 -2 
10 48 52 4 29 47 47 0 
ll 48 51 3 30 46 47 1 
12 48 48 0 31 46 49 3 
13 54 51 =3 33 44 40 ay 
14 59 58 <i 35 56 57 1 
15 59 49 ~10 36 56 57 1 
16 60 60 0 a; 61 59 ~2 
16 56 57 1 38 63 62 =<) 
18 61 63 2 39 66 68 2 
19 66 70 4 


2V= (2.98+17.07)8 ) Al (6) — (177.37 £69.83) Ti + 
ann Cr + (59.03+ 22.52) Fe’+ + (11.39 +19.16) Fe2+ + 
eas (4.29+ 18.04)Mg + (45.01+17.01)Ca + 
(84.60 £48.74) Na + (124.09 +240.61) K 


+ (7,90 729.53 


a = (0.823 +0.002) Si + (0.884 +0.018) Al (4) — (0.036 +0.020) Al (6) + 
(0.031 £0.065) Ti + (0.090 +0.047) Cr + (0.089 + 0.243) Fe+ + 
(0.066 + 0.003) Fe2+ + (0.006 +0.023) Mn + (0.019+0.005) Ca = + 
(0.031 £0.029) Na + (0.050 +0.161) K. (9) 


B = (0.823 +0.002) Si + (0.872 £0.018) Al (4) — (0.036 +0.020) Al (6) + 

(0.021 +0.067) Ti +(0.104+0.049) Cr +(0.110 +0.025) Fest + 

(0.068 +0.003) Fe?++ (0.006 0.023) Mn + (0.026 +0.006) Ca + 

(0.040 +0.029) Na + (0.069 +0.165) K. (10) 
x = (0.519 +0.011) Si. + (0.429 +0.010) Al +(0.626+0.058) Ti + 

(0.537 +0.043) Cr + (0.542 +0.018) Fe3+ + (0.370 +0.012) Fe2+ + 

(0.319 +0.026) Mn + (0.305 +0.011) Mg +(0.323+0.011)Ca + 

(0.194 +0.034) Na + (0.049 + 0.167) K (11) 
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Table 5. Changes in the refractive indices of clinopyroxenes \ 


Substituting 
Al Ti Cr Fes+ 
Si 0a x 108 — 0.90+ 0.15 
6B x 108 = Was ONis 
dy x 103 — 1.144 0.15 
62V x 102 — 1.3824 21.20 
Ca da x 108 + 106+ 0.15 | + 3.03+ 0.59] + 2.14+ 0.44 | + 2.192 0 
6 B x 108 +)10,9742 0:16) | + 2.82 O16") - 2519-8 0.470) “2. 32a 
dyx 103 | + 0.95+ 0.16 | + 3.58+ 0.60] + 1.984 0.47 | + 2.22+ 0 
62V x 102 — 38.034 21.95 | —226.38+84.80] + 8.88+16.59 | +12.52+30 
Mg da x 108 1.244 0.15 | 3:21 0559) 2 213255 90.459) 2237 ee 
6B x 108 + 1.22+ 0.15 | + 3.074 0.61) + 244+ 0.46 | + 2.572 0 
Oy x 108 + 115+ 0.15 | + 3.78+ 0.60) + 2.13+ 0.46] + 2.424 0 
62V x 102 + 2.62+21.55 | —185.73+84.70] +49.53+16.05 | + 53.171 30 
Fe2+ bax 108 + 0.59+ 0.16 | + 2.56+ 0.59] + 1.674 0.45 | + 1.724 0 
6 B x 108 + 0.56+ 0.16 | + 2.41+ 0.61) + 1.78+ 0.47 | + 1.914 0 
Oy x 108 + O0.50+ 0.16 | + 3:32 0:60| + 1482 0:47)) + Lia 
02V x 102 — 4,51+22.15 | —192.86+ 84.80] +42.40+16.85 | + 46.044 30 
fb = (0.522 +0.011) Si +(0.423 +0.010) Al +(0.608 +0.060) Ti + 
(0.545 shies Cr + (0.558 +0.018) Fe?+ + (0.367 +0.012) Fe?+ + 
(0.314 +0.027) Mn + (0.301 0.011) Mg +(0.326+0.012)Ca + 
(0.201 + 0.035) Na + (0.069 +0.173) K (12) 
y = (0.5383 +0. 011) Si +(0.419+0.010) Al + (0.682 +0.059) Ti + 
(0.517 rea hat Cr + (0.546 + 0.018) Fe®t + (0.369 +0.012) Fe2* + 
(0.308 + 0.027) Mn + (0.304 +0.011) Mg +(0.324+0.012)Ca + 
(0.184 +0.035) Na + (0.168 +0.172) K (13) 
2V= (5.65 +15.37)Si + (4.27+ 14.59) Al —(184.08+83.17) Ti + 
(51.18 + 2.36) Cr + (54.82+ 25.70) Fe®++ (8.78 +16.68) Fe2+ — 
(0.75 +38.17) Mn+ (1.65+ 15.86)Mg + (42.30+16.42)Ca + 
(83.15 + 48.65) Na + (123.34 +240.55) K. (14) 


Three different solutions of the equation system were made where the constant 
and Al** (4) were left out (5-8). Also the constant and magnesium were left out 
(9-10) and finally the constant was left out while Al?+ (6) and Al®+ (4) were combined — 
(11-14). | 

From the equations it is seen that the linear connexion between optical properties 
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. substitutions by 1 per cent according to the equations (11-13). 


Si, Ca, Mg or Fe"* 


Fe?+ Mn Mg Ca Na 
i 0.472: 0.16 — 0.044 0.28 0.18+ 0.16 a = ilBar Ost 
SO4ba O17 — 0.122 0:30 0.254 0.16 = = leisas Osi 
+ 0.45+ 0.17 — 0.164 0.30 0.20+ 0.16 — — 140+ 0.37 
— 33.52 + 23.40 — 43.05 + 41.50 40.65 + 22.85 — + 40.85 + 51.40 
+ 0.65+ 0.16 + 0.14+ 0.28 — TONS 22016 = iigtlilae Oexe 
0.662: 40.16 + 0.134 0.29 — + 0.254 0.16 = AOUae Oss)! 
+ 0.65+ 0.16 + 0.044 0.29 —= + 0.20+ 0.16 = Nae O:si7 
+ 7.134 23.00 — 2.404 41.30 = + 40.65 + 22.85 + 81.50 + 51.20 
— = Qualse OR) 0.65+ 0.16 — 0.474 0.16 = ilaGiar Ose 
= — 0.53+ 0.30 0.66+ 0.16 = (O¢Slas Oily) = 11566 22 0:37 
— 0:6 Late 0:30 0.65+ 0.16 — 0.454 0.17 — 1.854 0.37 
= — 9.534 41.65 7.13 + 23.00 + 33.52 + 23.40 + 74.37 + 51.45 


and chemical content assumed by Hori seems to agree well for «, 6 and y for which 
the regression coefficients average error is small, compared with the coefficients 
(with the exception of K+, which is explained by the small, little-varying K-contents 
in the material analyzed). This is not so for 2V. Only certain ionic types have an 
obvious correlation which means that these equations cannot be said to represent 
the variation of the axial angle with the contents in spite of the fairly good agreement 
of the material investigated given by them between calculated and observed values. 
This becomes clear from Tables 2 and 4. It is here pointed out that good agreement 
between observed and calculated values on the material from which the regression 
equations were derived is not criterium of the validity of the equations in general 
cases. The average errors of the regression coefficients must also be small. 

Compared with Hori’s equations it is obvious how in the new equations each ionic 
type gives an almost equal increase to «, 6 and y. 

In Tables (1-4) calculated and determined values for refraction and optic axial 
angle are presented. 

The above solutions of the regression equations as well as the great number of such 
possibilities gives each a regression coefficient for each ionic variety which is usually 
not identical for the different equations on account of the approximations made for 
mathematical reasons. It is therefore not possible to exactly determine the change 
in the optical properties caused by ionic substitution. In Table 5, however, the dimen- 
sion and the average error of the change in the optical properties in substitution have 
been calculated for the solution of the regression equations in which the constant has 
been eliminated and Al?+ (6) and Al?+ (4) combined. 

The regression equations were solved with a digital computor (BESK) by the 
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method of squares in accordance with the Gauss elimination method. The average 
error was calculated in accordance with the formula: 


Vas 
(sree 
m—n 


where Xj, i,2 is the diagonal element belonging to X; in the diagonal element of the 
inverse matrix. It is finally mentioned that no account was taken of errors in the 
physical and chemical determinations in the derivation of the regression equations. 
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Communicated 8 January 1958 by Per GriseR AND FRANs E. WicKMAN 


On the determination of the composition of garnet 


without chemical analyses 


By Axe HENRIQUES 


In connexion with a study of the manganese rich skarn association of Central 
Sweden iron ores, it was found necessary to determine the rough chemical composi- 
tions of a number of garnets, as far as possible, without chemical analyses. Regression 
equations for the chemical composition of garnet as a function of the unit cell length 
and refraction of the mineral were therefore deduced. In the working out of the equa- 
tions the author assumed that both the unit cell length and the refraction vary 
linearly with the chemical composition. It seems, however, possible that small devia- 
tions from the linear may occur within the garnet group. Material for the investiga- 
tion was taken from a paper by Frietsch (1957). 

The regression equations (Table 1) show that the average error of the respective 
regression coefficients is far too great to permit an approximative determination of 
the composition of the garnet. The author has also attempted to determine the chemi- 
cal composition of the garnet using the same material where even the density 
(calculated) and the spessartite content is known (Table 2). It is, however, apparent 
that even in this case the average error of the regression coefficients is too great to 
permit determination of the composition of the garnet. This becomes also apparent 
by comparing the observed values and the calculated values of the chemical composi- 
tion of the garnet from the equations from which the regression equations were 
worked out (Tables 3 and 4). Sometimes good agreement is obtained between cal- 
culated and determined values (see nos. 4 and 26), while in other cases quite different 
results are obtained (see nos. 9 and 19). The reason is chiefly that it is mathema- 


Table 1. Regression equation for the chemical composition of the garnet as a function 
of the unit cell length and the refraction of the mineral. 


Gr = [3.69 + 1.92 + (0.86 + 0.13) a) — (7.49 + 0.79) n] - 100 


An =[— 23.84+ 1.40 + (1.42 + 0.09) a5 + (4.09 + 0.58) n] - 100 


Al=[15.69 + 3.19 — (1.56 + 0.21) ay + (1.60+ 1.31) n]- 100 


Sp = [2.69 + 5.04 — (0.56 + 0.33) a + (2.21 + 2.08) n] - 100 


Dy Slo Cr Av Nl iso] oO) 
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Table 2. Regression equations for the chemical composition of the garnet as a function 
of the unit cell length, refraction, density and content of spessartite. 


Gr =[12.22 + 5.67 — (0.05 + 0.56) ay — (4.44 + 1.95) n — (0.83 + 0.55) D — (0.01 + 0.12) Sp] - 100 


An=[— 30.40 + 3.86 + (2.06 + 0.38) a + (2.06 + 1.33) n + (0.70 + 0.37) D— (0.24+ 0.08) Sp] - 100 


Al=[10.34+ 4.33 — (1.17 0.43) a + (0.56 + 1.49) n + (0.70 + 0.42) D — (0.68 + 0.09) Sp] - 100 


Py =[1—Gr-—An- Al—Sp]- 100 


Table 3. Calculated and observed compositions (in molecular per cent) of 26 garne’ 
according to the formulae in Table 1. 


No. | Grcaic. | GYobs. AGr | Angatc, | ANops.| A An |} Alcaic. | Alops. AAI | Spcaic.| Spops.| A 
1 73.05 | 92.48 19.43 7.35] 0.68 |—6.67 8.20] 4.31 |— 3.89|}—5.05| 0.26 
2 71.58 | 64.10 |— 7.48 21.38 | 26.10 4.72:|—1.12 |* 4.85 5.97|—6.76] 3.07 
3 51.19 | 51.85 0.66 4.17} 10.48 6.31} 23.88] 19.89 |— 3.99 3.85 | 17.69 1 
4 27.61 | 28.68 1.07|/-— 1.85 = 1.85 | 42.68 | 52.37 9.69] 13.87 | 14.37 
5 17.54| 9.65 |— 7.89|— 2.02] 0.80 2.82 | 48.96 | 12.22 |—36.74| 17.76 | 72.83 5 
6 6.61] 0.73 |— 5.88|)— 3.61 = 3.61] 56.80 | 33.82 | — 22.98] 22.21 | 65.45 4 
al 2.31 | 10.60 8.29|—10.71] 0.15 | 10.86] 64.60 | 73.62 9.02] 25.01) 4.61 |—2 
8 4.03 | 6.95 2.92\— 787 _ 7.87 | 61.48 | 75.65 14.17 |°23789))" 2:22) |= 2 
9 QEseere = eal ed 4.91} 8.92 4.01] 47.44] 19.30 |— 28.14] 18.85 | 70.90 5 
10 |— 0.88} 4.18 5.06 0.48 | 7.70 7.22) 58.40 | 60.94 2.54 | 24.42 | 23.30 |— 
11 4.28 = — 4,28 9.00} 5.55 |—3.45| 49.04] 16.70 |—32.34] 21.06] 75.90 5 


12 27.50 | 26.70 |— 0.80] 47.34) 66.71 | 19.37] 6.92] 3.91 |— 3.01] 5.94] 1.55 |— 
TO = TEST A309 24.90}— 1.11 = 1.11] 66.24] 58.37 |— 7.87] 28.87] 25.95 |— 
14 17.68 | 18.85 1.17} 64.04 | 68.53 4.49) 0.76| 7.64 6.88:| 7.00)| (3S. 57ah= 
15 19.40 | 20.62 1.22] 66.88 | 73.01 6.13 |—2.36| 4.92 7.28) 5.88] 0.67 |— 
16 6.14 | 12.07 5.93| 77.90] 76.90 |—1.00|—2.28] 4.18 6.46) 9.18] 6.52 |—- 
17 39.40 | 35.19 |— 4.21 1.16] 11.24 | 10.08] 33.28 | 45.13 11.85] 8.86} 0.92 |— 
18 24.17 | 27.29 3.12|— 7.53] 6.77 | 14.30] 48.92 | 50.32 1.40] 16.11] 0.10 |-1 


19 13.49 =) |e Thee) 7.75| 0.82 |—6.93| 44.32 | 29.24 |—15.08] 17.73 | 69.35 5 
20 |— 0.88] 0.74 1.62 0.48 — |-—0.48| 58.40} 74.08 15.68 | 24.42 | 19.97 |—- 
21 15.82 =e) el 6592) 4.86) | 2a 6.97 | 52.08 | 73.20 21.12} 18.88] 4.382 |—-1 
22 21-61 23.96 |= 3:65)|= 1.85) Ub0 3.35 | 42.68 | 54.17 11.49] 13.87] 5.09 |— 
23° |= L174} 0.89 2.63|— 0.94 = 0.94] 59.96 | 85.84 25.88 | 24.98] 4.51 |—-2 
24 1.70 ce Pe oh) 4.74) 1.48 |—3.26] 53.72 | 75.00 21.28} 22.74 | 15.63 |— 
25 20.12 | 19.10 |— 1.02 2.24] 9.80 7.56 | 44.28 | 57.40 13.12] 16.08 }° 0.20 |—1 
26 |— 2.60} 0.80 3.40}— 2.36] 0.80 3.16} 61.52 | 69.30 7.78 | 25.54 | 28.50 


Nos. 1-16. Frierson, R. (1957), Determination of the Composition of Garnets without Chemi- 
eal Analysis. Geol. For. Férh., 79, 45. 

Nos. 17-24. FreiscHer, M. (1937), The relation between chemical composition and physical 
properties in the garnet group. Am. Min., 22, 754-755 and 757. 


No. 25. Passt, A. (1955), Manganese content of garnets from Franciscan Schists. Am. Min., 
40, 920. 

No. 26. Passt, A. (1938), Garnets from vesicles in rhyolite near Ely, Nevada, Am. Min., 
28, 103. 
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Table 4. Calculated and observed composition (in molecular per cent) of 26 garnets 
according to the formulae in Table 2. 


No. | Greate, GYops, | A Gr | ANgalo, ANobs, AAn | Alcate. Alops. | AAI 
1 81.47 92.48 11.01 7.56 0.68 — 6.88 7.07 4.31 — 2.76 
2: 71.09 64.10 | — 6.99 28.05 | 26.10 — 1.95 2.23 4.85 2.62 
3 52.09 61:85. || — 0:24 8.66 10.48 1.82 23.52 19.89 = AYOR) 
4 32.99 28.68" | — -4:31 Qos - — 2.72 48.93 B2eou 3.44 
5 22.22 9.65 | —12.57 | —10.95 0.80 11.75 17.30 12.22 — §.08 
6 6.27 O33.) = 5.54 4.93 = — 4,93 38.40 33.82 = 4.58 
7 12313 10.60 | — 1.53 4.89 0.15 — 4.74 81.39 73.62 — 7.77 
8 14.63 63985 7-68 2.65 = — 2.65 17.92 75.65 == 2 
9 10.42 = — 10.42 1.99 8.92 6.93 23.27 19.30 = Boe 

10 5.54 4.18 | — 1.36 4.81 7.70 2.89 65.51 60.94 EWS 
ya 8.54 _ — 8.54 1.33 5.55 4.22 19.50 16.70 — 2.80 
ile 33.49 26.70 | — 6.79 53.22 66.71 13.49 16.88 3.91 — 12°97 
13 — 0.97 13.09 14.06 | — 0.63 = 0.63 69.85 85.37 —11.48 
14 25.45 LSSo i — 6.60 67.74 68.53 0.79 7.69 7.64 — 0.05 
15 25.99 205628) |= 15:37. 71.88 73.01 1183 6.17 4.92 — 1.25 
16 17.67 12.07% \)— 5.60, 78.79 76.90 — 1.89 1.99 4.18 2.19 
i 44,99 35.19) | — 9.80 7.49 1124 3.75 45.78 45.13 — 0.65 
18 36.35 271229)) | — 9206" — "4546 6.77 11.23 61.10 50.32 — 10.78 
19 10.76 - — 10.76 5.00 0.82 — 4.18 21.00 29.24 8.24 
20 5.54 0.74 | — 4.80 5.87 = — 5.87 67.23 74.08 6.85 
21 22.42 - — 22.42 1.16 QoL 0.95 65.88 73.20 Teow 
22 36.69 23.96 | —12.73 1.64 1.50 — 0.14 50.69 54.17 3.48 
23 5.47 0.89 | — 4.58 6.01 - — 6.01 79.38 85.84 6.46 
24 25.09 — —25:09 | — 4.74 1.48 6.22 49.23 75.00 PAST 
25 36.91 LOMOS = Lesh: 1.76 9.80 8.04 53.16 57.40 4.24 
26 — 2.54 0.80 3.34 5.15 0.80 = 4.35 68.50 69.30 0.80 


tically impossible to determine andradite—spessartite (4 unknowns) with only the help 
of the unit cell length and the refraction of the mineral. Also the substitution of 
SiO, by any (OH),, K AIO, etc. in a garnet may probably alter the physical properties. 
Moreover, errors in the chemical analyses and the physical determinations provide 
a reason. 

It seems therefore clear that regression equations or the corresponding diagram! 
for the determination of the chemical composition of a garnet do not possess such 
an order of reliability that they could be used for petrogenetical problems as long 
as a fair degree of exactness is required. 

The regression equation was solved with a digital computor (BESK) by the method 
of least squares in accordance with the Gauss elimination method. The average error 
was calculated in accordance with the formula: 


; vy? \4 
(Z.2" )} 


m—-n 


1 Sriramadas (1957) among others has put forward diagrams for the determination of the 
chemical composition of garnet as a function of the unit cell length and refraction using Skinner’s 
(1957) determinations of the unit cell length and refraction for the end-members of the garnet 
group as a foundation. The diagrams show that definite information concerning the chemical 
composition of garnet is not possible using these principles. 
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where Xj, j,2 is the diagonal element belonging to X; in the diagonal element of the 
inverse matrix. 
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Fundamental argument in cenozoic geology dynamic factors: 


Crustal undulations, thermal dilatation and constriction 


By Nits H. ODHNER 


Studies of Quaternary shell banks on the Swedish West Coast in the years about 
1918 led me to publish an explanation of the geological origin of these banks as a 
product of biological conditions influenced by land upheaval as well as currents in 
sea and outstreaming melt-water from the ice sheat (cf. Odhner 1918, 1927, 1930, 
Hessland 1943). Further thinking on the fundamental causes of these processes gave 
rise to my constriction hypothesis of 1934, which has brought new aspects to impor- 
tant geological problems and therefore is worthy of attention and discussion. 

Many different theories have been established in order to explain the movements 
in the earth’s crust which are one of the fundamental problems in Geology. Neverthe- 
less this problem seems to be far from solved, perhaps because it is too comprehensive 
for analyses on the basis of present knowledge, in other words is taken up too early 
and with insufficient argument. Or again, a second alternative seems reasonable, 
namely that our thinking has happened on the wrong track and led into a blind alley 
from which the only way out again is to make a reconsideration of fundamental facts. 

In such a case the question of course immediately arises which these facts may 
be, and if this is not decided, we soon end in idle speculations. Better then to try 
to begin with the best known conditions nearest in geological time, as far as they 
have been explored. In order to get some starting point, therefore, how would it be 
to ask instead about the actual changes which took place at the end of the Tertiary 
and were perhaps the direct causes of the coming Glacial period? This question, it is 
true, has been answered differently, but two of the Northern geologists who have 
studied the Scandinavian glaciation with both great care and great success, have 
published a couple of papers seemingly serving as a valuable starting point for our 
present theme. The prominent Swedish geologist G. De Geer maintained (1911) on 
persuasive grounds that an upheaval took place in the mountainous environs of the 
North Atlantic during the late Tertiary, and that in this connection their central 
sea basin exerted a pressure on the subjacent masses forcing them to erupt in the 
surroundings. Some time afterwards (1924) the renowned Finnish geologist W. 
Ramsay presented with his relief theory (1911) the opinion that it might have been 
this very over-elevation in the Northern regions during the late Tertiary that directly 
caused the glaciation there and thus initiated the Glacial epoch. Here it should be 
added that similar over-elevations of highlands with a glaciation as sequence, and 
also of low lands without this sequence, occurred in different parts of the world (e.g. 
in the West Indies according to Willis 1932) at the same time (for closer information 
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consult Manuals); they were consequently a general phenomenon with no doubt 
common general cause. 

Once upon a time the so-called contraction theory was thought to be able to explai 
changes like those in the crustal topography and relief, but its importance in thi 
respect has been definitely disproved; I only need to quote Dacqué (1915, p. 113 
who writes (in translation from the German): “To make the tangential pushing an 
pressing powers emanating from the postulated earth contraction responsible for th 
crustal movements up and down, is dismissed by Andrée (1914) in his recent publica 
tion on the mountain building.” 

With better confidence and results we can now use the persuasive opinions delivere 
by the two Northern geologists mentioned; since long founded on abundant experienc 
and long research they well merit our attention though they seem to have been fo1 
gotten by later authors. Their statements in reality open possibilities for a judgmen 
about immediate causes in the form of active forces influencing and evoking th 
geological events at the turning-point between Tertiary and Quaternary epochs. 

From both the scientists mentioned we learn that an upheaval of geanticline 
parts of the crust had been established, and De Geer also maintained a sinking c 
the Scandic geosyncline amidst them. No force can be common to these diametricall 
opposite effects other than the heat from the earth’s interior. If we compare th 
geanticlines with a technical positive vault or more simply an arch bridge, and th 
geosyncline with the cables of a suspension bridge, we find that an increase in tempe1 
ature augments their curvature bringing the surface of the arch bridge to a somewha 
higher level, the suspension bridge, on the contrary, to a somewhat lower road leve 
A decrease in temperature brings about the reverse effects. The same influences ar 
exerted on the earth’s crust; it goes without saying that the increase of heat come 
from the earth’s interior, the decrease from absorption by external media such a 
ice or cold water. 

Reasoning in this way we find that the temperature force is mighty enough t 
cause the movements in the earth’s crust exemplified above. No additional factor 
in the form of loading masses or release from them are necessary to provoke a dy 
namic effect, and also merely a simple reflection is sufficient to assess this superiorit; 
of the temperature force. Likewise we conclude that it is unnecessary to explai 
a depression of a glaciated anticlinal land as caused by the load of the ice sheet; it i 
quite sufficient to interpret the sinking of the geanticline as a consequence of it 
cooling from the ice sheet. Another remarkable consequence of this reasoning is tha 
the earth’s crust behaves during long geologic periods in the same way as every soli 
body does to the change of temperature. We shall return to this rule below and no\ 
pass on to another remarkable consequence of the above-mentioned geological obser 
vations and conclusions by De Geer and Ramsay. 

Here it may be suitably stressed that De Geer’s conclusions about the circum 
Scandic upheavals have been entirely corroborated by later investigations in Green 
land. Lauge Koch says in his work of 1935, p. 149: ““De Geer (1911) forderte ein 
allgemeine tertidre Landhebung in allen Gebieten rings um den Skandik. 192 
glaubte Koch, dass dies fiir Gronland sehr tibertrieben sein miisse und rechnet 
damals nicht mit einer sonderlich starken Hebung in tertidrer Zeit. Spaitere Unter 
suchungen ergaben jedoch, dass innerhalb dieses Zeitraumes sehr machtige Hebunge: 
in Verbindung mit starkem Vulkanismus und ausserordentlich starken Verwerfunge: 
stattgefunden haben miissen.” 

We have seen that the over-upheaval of highlands and over-deepening of oceai 
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basins were a simultaneous effect of the common dilatation by heating in the earth’s 
crust, and that the former phenomenon was world-wide; and so the latter one must 
have been too. This over-deepening must have caused an accumulation of water from 
the littoral regions or margins of the continents, which were laid bare and eroded by 
rivers—especially when the subsequent heavy rainfalls set in during the beginning 
of the Glacial epoch. It is a natural consequence of these mighty forces that the ero- 
sions were on a large scale and in equal proportions to other contemporary phe- 
nomena, thus much more striking than similar ones are generally in our days. 

As time passed, the glaciation grew more extensive, the ice sheets cooled the high- 
lands, constricted them and thus caused them to sink; cool melting water covered 
the ocean bottoms, thus constricting their crust and restoring their original shallower 
depths (because of yielding to the then prevailing counterpressure from the sub- 
crustal masses), and from all these processes a new displacement of the water masses 
followed in the form of a transgression drowning again the drained coastal zones 
together with their mighty river furrows, which after this event are represented in 
the so-called submarine canyons; these are in most cases continuous with actual river 
valleys; their origin is, consequently, as already explained in this way by me in 1934, 
in full agreement with Shepard’s later opinion, independently given in 1953. A 
phenomenon difficult to explain was in every case their great depth of submergence, 
but we must not forget that the transgressing masses of cool water likewise constricted 
the marginal zones of the continents forcing them to submerge actively in addition 
to their passive inundation; their actual depths thus are enormous from a general 
point of view but not inexplicable with the present way of reasoning, that of the 
constriction principle. 

We now have seen examples of constriction, as I have named already in 1934 the 
thermal diminishing by cooling in superficial dimensions (in contrast to contraction 
or a similar diminishing in radial direction, as I restrict it in accordance with the 
meaning of the old contraction theory). We found occasion just now to speak of 
marginal constriction along a coast line of a continent or an island, as soon as these 
zones are constricted by cold water masses; this phenomenon plays some role as 
leading to total constriction in large areas, e.g. ocean bottoms. See further thereof 
in Odhner 1944, 1948a. 

The last-mentioned state of total constriction has affected the Mid-Atlantic Ridge, 
from the beginning a supramarine mountain chain, and similarly the Lomonosov 
Ridge in the North Polar basin newly discovered by the Russian scientific expeditions 
(cf. Ahlmann 1955). As mentioned above, the Mid-Atlantic Ridge was explored by 
the German Meteor Expedition, and its variously sculptured relief proves its supra- 
marine origin. L. Kober, the Vienna geologist, expressed as early as in 1912 the 
opinion that the Mid-Atlantic Ridge is a sunken young mountain ridge (l.c. p. 232), 
and he was even far-sighted enough to suppose an “‘Orogen’’ between the New Siberian 
Islands and Ellesmere Land dividing the Polar Basin and representing the later 
detected Lomonosow Ridge (cf. Kober 1912, p. 237). That the Mid-Atlantic Ridge 
has been situated above the sea but was submerged later in Glacial time was stated 
by Malaise (1945, 1951) on the diagrams given by Piggot (1938) displaying a differ- 
ence on each side of the now submarine ridge. Malaise reported recently (1956) even 
a sinking in another part of the Mid-Atlantic Ridge, namely in N. 5°45’ W. 31°43’, 
where the Swedish Albatross Expedition 1948 took, on its station 234, a core from 
3577 m depth. In this core Dr. R. W. Kolbe, who examined the diatoms in all the 
cores taken by the Expedition in the tropical Atlantic, detected a horizon containing 
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exclusively fresh water diatoms (cf. Kolbe 1955, Malaise 1956). Kolbe (1955, 
p. 159) says about the local flora: “Apart from the everpresent Melosira annulata 
not less than 17 other freshwater species could be noted.’ The presence of these 
he thinks to be due to transport from the large African rivers (p. 160). This supposi- 
tion may be true, but the present currents, as Malaise (1956, p. 121) emphasizes, 
run in a contrary direction, so that it has relevance only to remote times, when 
these lands were about 4000 m more elevated than now. It may be added that none 
of the other cores examined by Kolbe had the same suitable conditions for forming 
a lake as this one, either they show too great a depth or are situated on the African 
continental slope too steep for any lakes to arise. Certainly, however, many other 
lakes seem to have existed on the Mid-Atlantic mountain ridge judging from the map 
published by Stocks (1934). 

It has been remarked against the above opinions (comprised as the constriction 
theory) that they are nothing but a reiteration of the old and abandoned contraction 
theory. This objection, however (expressed in a private letter to the author), is not 
at all correct, as we have found above. The difference is verified in the ways both 
theories explain the orogenesis. According to the contraction theory this process 
should be a consequence of tangential stresses and their assumed pressing upwards 
of subcrustal masses in a geosyncline. The constriction principle, on the contrary, 
lays stress upon the pressure from below that we have found to be the consequence 
of the crustal expansion through heating within the geosyncline. Of course, a heating 
of the crust cannot pass on indefinitely, because the heating and depression of it is 
ended by its final weakening; then the whole process is reversed and the counterpres- 
sure from below prevails in pushing up the former solid vault as the primitive fold 
of an orogen. There is nothing else in the present theory that separates it from other 
modern opinions on mountain building (e.g. those advanced by Kober 1921), but 
there may be stressed two new aspects on the orogenesis: first the so-called convec- 
tion currents in the deep subcrustal masses (““Unterstrome’’ Ampferer’s) are super- 
fluous, as merely wholly hypothetical, for explaning the process; and secondly: the 
residual geosynclines (German: Restgeosynklinalen, cf. v. Seidlitz 1931, p. 189) out- 
side the orogen folds in some submerged mountain strikes on the Indian and Pacific 
Oceans, gave rise to important new geological appearances. Some residual geosyn- 
clines (e.g. on the south side of Java) were, in Glacial time, due to their sites, filled up 
with the cold ocean water cooling and constricting its environs, that is on the one 
hand the margins of the orogen (Java), on the opposite side the original bordering 
anticlinal land (bottom of Indian Ocean). The latter had first been subject to total 
constriction, the orogen then to the still actual marginal constriction, and the bottom 
of the residual geosyncline therefore was subjected, during its cooling, to a tearing 
in opposite directions, opening between its two slopes a fissure steadily increasing 
in depth and width (cf. Odhner 1948a). In this way the deep sea “‘grabens’’are 
explained much more simply than through the opinions of Suess 1909 (cf. Tams 
1922, p. 240), based on isostatic ideas on pressing down lighter sial into heavier sima, 
thus forming hypothetic “roots of mountains” to answer for the gravity defect in 
the graben; such roots have been contradicted by Bowie (1924) and Bucher (1933). 
Other ‘residual geosynclines were shut off from the cold oceans and beheld their — 
water relatively warm and their bottoms U-shaped, because not teared by tempera- 
ture stresses (as ““‘Saumtiefe’’, cf. Stille 1957 in contrast to negative so called Meinesz- | 
Zonen; they show positive anomalies). 

If we tarry a moment at these orogenetic zones, we find further an explanation to 
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their great number of vulcanoes in the circumstance that there is a pressure on the 
islands exerted by the marginal constriction (and directly causing the positive ano- 
malies just off the coast) which, as I pointed out in 1948, drives the subcrustal masses 
landwards and lets them out there, forming a chain of inland volcanoes, where the 
gravity in the anticline is lesser, because it is warmed from below being sited on the 
continental shelf and far from the cold ocean deep (cf. Odhner 1948a). Impulses to 
earthquakes moreover are issuing from the deep fissures of the grabens as well as 
from the basins with positive anomalies, and it seems as if these fissures penetrate 
deep down and even horizontally, and may cause the seismic activity even in depths 
under the continents down to 700 km. 

In the East Indian Archipelago most of the residual geosynclines have high 
negative regional anomalies,! because they are cooled by the chilly waters from the 
free Indian or Pacific Oceans. This cooling causes in the residual geosynclines, as 
mentioned above, a tension between marginal constriction of the south coasts of the 
garland Sumatra—Java—Flores and the total constriction of the Indian Ocean 
bottom. This process began in the Ice Age with the transgression and influx of cold 
water from the open oceans and transformed residual geosynclines to deep troughs 
and grabens all round the world. The zonal gravity anomalies of the crustal topo- 
graphy in the Sunda regions, so excellently worked out and published by Vening 
Meinesz (1934) show this thermal and crustal dependency with much evidence. The 
anomalies explained in this way are understood more logically and persuasively than 
from the isostatic “buckling hypothesis”, which postulates lighter masses being 
depressed downwards into heavier ones for explaining decreasing anomalies. A criti- 
cism like this in accordance with the constriction and dilatation principle (constric- 
tion theory) is in full accordance with the facts shown by Gerth (1951). He finds from 
a comparison of the negative gravity anomalies in the West Indian and the East 
Indian Archipelagoes that they do not always coincide with the orogenic zones but 
sometimes even cross them or lie in the forelands, thus demonstrating a contrast 
between the real conditions and their explanation through the buckling hypothesis. 
Gerth restricts himself to showing this inconsistency and gives no other explanation. 
In reality, however, the actual distribution of warmth in the earth’s crust is responsible 
also for this difference in the gravity anomalies. The glacial and still remaining cooling 
(absorption of the crustal warmth by the cool waters) in the residual geosynclines, 
on the one hand, and the still proceeding heating of those anticlines which are under 
the lee of this cooling, on the other hand, is no doubt responsible for high negative 
anomalies in both the regions in question. Their orogenetic nature does not influence 
the phenomenon. This is convincingly proved by the high positive anomalies in both 
of the archipelagoes, e.g. in the Banda Sea and the Caribbean Sea, which both are 
considered by the geologists, and even not least on biogeographical grounds, as 
sunken lands which nowadays are still locked away from open ocean and thus contain 
a persistent warmth in their crust. 

In reality, the above-mentioned examples prove, however, that both those causes 
for the origin of gravity anomalies are relevant and can even be variously combined. 
Consequently, the negative anomalies may be due either to dilatation at heating and 
thus diminishing of the specific weight, as in mountain chains, or to tension and even 
breaking within the earth’s crust, as in deep grabens. Positive anomalies also may 
have a double cause; in some cases they arise on account of cooling and constriction 


1 These are called isostatic but unjustly, since they are not dependent on isostasy. 
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which increase the specific weight of the crustal masses, in other by means of addition 
of material from the environs (intrusion of magmas); both these factors may co- 
operate at sinkings of volcanic islands, and in such cases the anomalies attain extreme 
positive values. These points of view should be noticed when interpreting gravity ano- 
malies. They show the dominating importance of thermal states and changes, that is, 
the principles of the constriction theory, for understanding the crustal movements. 
In this light it is evident that the postulated influence of loading or isostasy in general 
has been highly overestimated, because these are, evidently, wholly negligible. 

The Philippine graben is morphologically more complicated than the Java graben, 
as proved by the extensive echo-soundings made by the Danish Galathea Expedition 
and reported by A. Kiilerich in Ymer 1957. The graben is formed in connection with 
the Tertiary folding zone, says this author (p. 208) and emphasizes further the re- 
peated earthquakes on the western continental slope (.c. fig. 9). These indicate a mobile 
zone of the crust where a marginal constriction is exerted. East of the graben, the 
total constriction has befallen the bottom of the whole Pacific, and thus a tearing 
within the residual Philippine geosyncline has caused the fissure in its bottom. The 
origin of this graben thus agrees with that of the Java graben, but the morphology 
is perhaps more elaborated on its east side. The transverse furrows on these slopes 
may possibly be original transverse fissures, on a Tertiary coast sunken on account 
of the total constriction, whereas the western slope is even and grows steadily steeper 
by means of the orogenic upheaval and the abyssal sinking. The Danish investiga- 
tions, moreover, make evident that stones and sediments from the steep slopes are 
steadily depositing thus filling up the fissure proper and the base of the slope by which 
the original V-profile of the graben may be changed to a more U-shaped one, and 
vice versa when the graben is deepening; the two kinds of grabens discerned by Kue- 
nen (1934), can therefore pass into each other. 

The fact that several similar deep grabens exist in the Pacific, on the outer sides 
of many island groups, seems to indicate that a development of the residual geosyn- 
clines in different orogens took place in a similar way during the glacial time. More 
exposed synclinal folds were easier subjected to the constriction than those more 
sheltered by large islands or continents in the lee or at the front of cool ocean basins. 
This process was in common with the large oceans; in the Atlantic the West Indian 
islands and the South Antillean chains witness for great sinkings of lands due to 
similar causes as in the Pacific. Certainly further investigations of the Pacific bottom 
will bring about more support to such conclusions, which are in agreement, too, with 
biogeographical facts of land submergences exemplified below. 

We now leave the pure geological and geophysical phenomena combined with the 
thermal processes already mentioned and explained in new ways; others, such as the 
coastal gravity aberration, corroborate the above-mentioned. We now pass to another 
scientific field of facts also dependent on the same processes because of their geological 
and geographical importance. Biogeography gives us indications about the past 
geomorphology of lands and oceans, and some changes in that respect may be given 
on account of biogeographical conditions as an illustration of the probability of the 
much discussed land connections in remote times. 

I published in 1923 a paper on these phenomena in dealing with molluscan distri- 
bution on the West coast of Africa. In order to explain the biogeographical problems 
met with in that connection, I made the supposition that the submarine ridges on 
the Atlantic bottom had once been supramarine connections mediating the distribu- 
tion of e.g. identical species in now separated localities on opposite sides of the ocean. 
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On page 31 of this paper I say: “Other faunistic facts mentioned above support the 
assumption of former land areas with an extension in north-southern direction, and 
these may perhaps, in some part, remain as the 8. Atlantic threshold, and as the 
banks off S.W. Africa.” 

It was therefore not unexpected but quite in accordance with my previous opinion 
about former lakes on the Mid-Atlantic chain, to find evidence of such a connection 
in the core 234 taken by the Swedish Albatross Expedition related above. I therefore 
interpret this interesting find as a good proof of my theory advanced in 1923 con- 
cerning the now submarine ridges as once supramarine land bridges and as an 
evidence of the correctness of my later (1934) established constriction theory and its 
thesis that the earth’s crust reacts according to the same rule as every solid does on 
temperature changes. 

Some of the best examples of other submarine ridges having caused the same facts 
are the now submarine connections between S. America and the Antarctic continent 
as well as similar presumptive ones to different islands in the environs of the Antarc- 
tic. Mortensen (1910), who examined and described the Echinids from these regions 
collected by the Swedish Antarctic Expedition 1901-1903, concluded that their 
distribution demonstrated ‘‘a former connection between South America and the 
Antarctic continent; especially the occurrence of the viviparous genus Abatus in 
both these regions is conclusive evidence of such a connection”’. A similar connection 
should have existed to Kerguelen Isl., because “especially the Abatus species being 
viviparous and a littoral species, cannot possibly have come to Kerguelen over vast 
deep sea now separating this group of islands from South America’’. On this occasion 
I want to give a quotation from my paper of 1944 on Nudibranchs and Scaphopods 
of the Norwegian expeditions 1927 and later, where I say (p. 35) in agreement with 
the above statements: 

“Conclusively, the distribution of viviparous animals in the first place, and 
probably also the above-mentioned Isometra vivipara, and Cadulus dalli as well, 
can be satisfactorily explained only by assuming a migration along a continuous 
bridge between S. America and Graham Land over the Falkland Islands, S. Georgia 
and the island groups farther to the South, that is by means of the so-called South 
Antillean Arch. As to the existence of this postulated bridge, which, of course, enabled 
the distribution of many other organisms, terrestrial as well as marine, plants as well 
as animals—I restrict myself merely to quoting two Swedish authors for this theme: 
Du Rietz 1940 and Ander 1942—a statement of Th. Stocks (1932, p. 198) is of a great 
interest. In dealing with the echo soundings of the Meteor Expedition in the South 
Atlantic, Stocks says: ‘Eine untermeerische Verbindung zwischen Siidamerika und 
den Siidshetland-Inseln im Zuge der Shag-Felsen, Stidgeorgiens, der Stidsandwich- 
und der Siidorkney-Inseln ist nach unserer heutigen Kenntnis nicht zweifelhaft”’. 

These zoogeographical and oceanographical facts have been corroborated nowadays 
by geological data established by Holtedahl, the distinguished Norwegian geologist. 
I take the liberty of quoting a piece from Skottsberg’s recent (1956) book on Juan 
Fernandez, where he says (p. 389): “In his important paper of 1929 Holtedahl has 
shown that the old idea of land connection between Tierra del Fuego and Graham 
Land (Palmer Peninsula) by way of the Burdwood Bank, Shag Rocks, South Georgia 
and the South Sandwich and South Orkney Islands, which had been doubted by some, 
holds good; we have to do with a mountain range, a continuation of the South 
American Andes, bordered by deep water which, on the Pacific side, has the character 
of an abysmal trench but which exhibits old sediments to such an extent that we 
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are forced to postulate land where there is now deep sea. The South Sandwich 
Islands, being entirely neovolcanic, have the appearance of an “oceanic” archipelago, 
but they were built up during late Tertiary times over an older foundation—a parallel 
to the history of Juan Fernandez and many other islands.”’ 

That sinkings to great depths have to be accepted in spite of resistance from scien- 
tists, is thus admitted by modern geologists. One further quotation from Holtedahl 
may be given for illustrating this fact; he says (cf. Odhner 1944, p. 37): “The common 
occurrence of well marked ridges or rises (and corresponding narrow depressions) 
shown by the more recent, detailed soundings in the Atlantic is a feature of great 
interest to geology. We see now in the relief of this oceanic area a pattern that reminds 
us more of that of the continents than previously was thought to be the case. As we 
may, in the continents, see the products of various periods of orogenic movement 
expressed in the present relief, so may some of the sub-oceanic ridges follow the trend 
of folding zones also of remote geological time. An example of this type is the New- 
foundland ridge. These features, like so many others, speak against the idea of per- 
manency of oceans and continents, and against the view of oceanic and continental 
areas being of fundamentally different structure and history at least as far as the 
Atlantic Ocean is concerned ... With their large amount of terrigenous, clastic sedi- 
ments etc. the South Orkneys and also South Georgia agree with the folded ranges 
of the continents. In fact, in order to explain the existence of these masses of sedi- 
ments we must necessarily asswme land to have been present where there 1s now deep 
sea.” 

Under such circumstances it is quite strange to find geologists, oceanographers and 
biologists still adhering to the old theory of permanency of the oceans and not even 
believing in sinkings of land strips or islands. Or, perhaps this unrealistic opinion is 
held only with respect to the Atlantic Ocean? There is however, after the publication 
of Hamilton’s analysing work on the guyots (March 1956), no doubt any longer 
about the reality of land submergences in the Pacific. It is true that the sinking of 
the guyots in question is dated to the Cretaceous and limited to a depth “‘below the 
zone of reef-coral growth; finally they sank to the present depth”’ (700-900 fathoms), 
so that they have perhaps no other relevance to the cenozoic geology than to stress 
the possibility of submersion in general, which, however, is important enough and 
serves to verify the opinions expressed here. Hamilton’s work, therefore, is of great 
importance for the present aim of research. There is only one point of view of its 
author that I cannot share, and 1 think we have reasons to refute his maintaining 
on p. 1, that his findings “‘refute the hypothesis of trans-oceanic “‘sunken continents”’ 
used to explain faunal migration, at the same time suggesting the possibility of 
“island stepping stones’. To this point of view I wish to object the following argu- 
ment. 

On p. 1 the author says that “‘the Mid-Pacific Mountains are a great submarine 
mountain chain’, and I find nothing that might contradict his opinion. But this 
same fact implies that the chain must have arisen in a similar way to every other 
orogen of this kind, that is from a geosyncline, and such a geologic formation presup- 
poses the earlier existence of one bordering geanticline at each side. In such a case, 
however, we had already in them the transoceanic land connections needed for orga- 
nisms and being, furthermore, a much better means for that purpose than the 
“stepping stones” which according to Hamilton (after Zimmermann 1948, who is, 
however, not quoted) had alone to fulfil this function. Of course, the latter could 
have rendered some service in that respect especially to flying organisms or marine 
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forms with pelagic larvae, this should not be denied, but it should be kept in mind 
that a generalization of the “‘stepping stone”’ spreading to let it replace continental 
dispersal is unrealistic and far from acceptable to Biology and directly disproved by 
Geology. Sunken continental lands in the shape of bordering anticlines along orogens 
have been postulated by several geologists (see below). I quote also here Du Rietz 
1940, who speaks about bipolar distribution of plants, though the same consideration 
is relevant also for every transoceanic relation: “That bipolar distribution is not 
dependent on the Alpine Orogen, is shown by the African bipolar units and their 
connecting tropical mountain populations on epeirogenetic highland fragments ... 
To explain the facts of bipolar plant distribution it seems necessary to look for epeiro- 
genetic transtropical highland bridges older than the mountain-chains of the Alpine 
Orogen. Such highland bridges may have existed not only in Africa, but also bordering 
the transtropical Alpine geosynclines (i.e. the Andean and the Malaysian geosyn- 
clines), partly passing over the present deep sea bottom.’’ Such a bordering land is 
also a scientific demand e.g. all along the West coast of N. and S. America, as both 
Kober (1921), Gregory (1930), Born (1933) and Joleaud (1934) have emphasized. 
Skottsberg who is mentioned among the authors criticized by Hamilton (l.c. p. 51) 
is therefore on safe ground in his defence of these and other continents in the Pacific 
Ocean, where, as some preliminary newspaper notices now and then report, a much 
more broken bottom than expected has been found by recent exploring expeditions. 
Therefore also statements of biogeographical contents, if they are founded on suffi- 
cient geological base material, are to be considered as quite reliable; the criticism 
against older opinions of land bridges should not go so far as to condemn everything 
of that sort in favour of speculations of the “stepping stone” type. Therefore, and 
on my own experience as a malacologist, I can only agree with Skottsberg in his 
opinion about sunken continental land in the Pacific. As an example of a sound view 
of such a problem I want to quote Skottsberg (1956, p. 384), when he, in concordance 
with Briiggen, describes the late geological history of the Juan Fernandez Islands, 
“‘facts which open wide perspectives to the biologist”’, in the following picture: 
“Briiggen begins by stating that ‘el mar del Eoceno’ ended somewhere in the 
latitude of Aranuco (38°), because a continental mass, ‘la Tierra de Juan Fernandez’, 
still existed (p. 50), and pp. 56-59 he relates the history of this land. North of Rio 
Maullin (about 42°) is a zone of dislocations foreign to the structure of the Andes, 
and this zone coincides with the direction of a broad submarine ridge which branches 
off from the continent; on this ridge are situated the Juan Fernandez Islands and, 
farther north, San Ambrosio and San Felix. Taking the 2000 m curve as a boundary, 
the ridge extends south to the Magellan Straits; we observe e.g. in the island Diego 
de Almagro the same northwest direction that we find in the Tertiary deposits of 
Parga and other places in the zone north of Rio Maullin. To this must be remarked 
that the 2000 m line surrounds the Chaigneau ridge and that in order to unite it 
with West Patagonia the 3000 m curve has to be used. This is also seen from Briiggen’s 
map, probably copied from Supan. The absence of marine sediments of Eocene age 
shows (p. 59) that the Juan Fernandez land was, at that time, united with the con- 
tinent, but that, during the Oligocene, subsidence set in is evident from the extension 
of the marine Navidad series south to 45°, and this was, as we have heard, referred 
to Upper Oligocene or Lower Miocene. Also after the separation the Juan Fernandez 
land continued to exist until finally, presumably with the late Tertiary uplift of the 
Andes, the last rest disappeared, but not before considerable magma ejections had 
given birth to the two archipelagoes. To judge from the degree of denudation and in 
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view of the recent volcanic activity close to Masatierra and on San Felix the islands 
are young, probably Pliocene, when there still existed a rest of the old Tierra de Juan 
Fernandez, where the Eocene flora immigrated. When, however, this remnant later 
on perished, there remained only the volcanic parts forming the actual Juan Fernan- 
dez Islands, which served as refuges of the flora.” 


In my paper of 1950 on the Galapagos Bulimulids similar opinions were set forth: 
I quote the following pieces (from p. 266): “If we exclude the litoral Auriculids (Ello- 
biids), the terrestrial mollusc fauna of the Galapagos Islands contains nearly 100% 
endemists. This circumstance speaks in favour of ancientness of the fauna and its 
origin by means of natural dispersal, that is along continuous land connections.” 


“On the other hand, no direct proof of land bridges is available. The Galapagos 
have revealed no traces of continental rocks proving transoceanic connections, and 
moreover, the great depths surrounding them are generally considered as disproving 
any connection. These facts have been adduced as proving the origin of oceanic 
islands and their fauna on the spot and their isolation from their very beginning.” 


“This conclusion, however, is far from entitled. Already James Cook, when visiting 
St. Helena in 1771 and finding a species of land shells (probably a Succineid) upon 
the tops of the highest ridges, concluded that it ‘probably has been there since the 
original creation of their kind’, unless ‘this rock be supposed to have been left 
behind, when a large tract of country, of which it was part, subsided’ (1773, p. 798). 
From this point of view, that the island fauna is the last debris of an once abundant 
one inhabiting a larger land, which has been submerged, all facts will be better under- 
stood and found to have closer relation to each other.” 


The argument in these pages has shown that conflicting opinions in cenozoic 
geology can be adjusted under the following presumptions in conformity with 
Nature’s own conditions: The earth’s present crust is constructed as a mosaic of 
positive and negative undulations (cf. Stille 1913) or vaults reacting to long-periodic 
changes of temperature. These facts enable us to explain the ever-lasting movements 
of the crust which are stated by Geology and brought into evidence also by Biogeo- 
graphy. Since the propelling power provoking these movements is derived from the 
temperature states of the crust and their changes, we may conclude our discussion 
of the problem in question with a quotation of the geophysical point of view expressed 
by Sir Harold Jeffreys (1953, p. 117) in the following words: 


“The direct evidence, such as rise and fall of the land surface, the distribution of 
gravity, and mountain formation, is in better agreement with the hypothesis that 
they are due to temperature changes, mainly cooling, in an ordinary solid.” 

Lastly, here may be added some reflections on the ice pressure, which has been 
considered as a conditio sine qua non for the movements in the earth’s crust, but 
which is wholly omitted in the sentence just quoted from Jeffreys. 

It is a matter of fact that in some newly published papers to which I return below, 
the ice pressure still dominates. Recurring once more to De Geer’s essay of 1911, 
we found that he dates the upheaval in the North Atlantic environs to the Late 
Tertiary. But in the same pages he also confesses his belief in Jamieson’s ice pressure 
theory of 1865, though a scrutiny would no doubt have convinced him of the incon- 
sistency of the two opinions. Evidently he did not reflect on their incompatibility. 
After his time the same neglect has continued among the authors: they do not observe 
the dissonance between Late Tertiary upheaval with its specific causes in the absence 
of immediate glaciation, contrasted with post-glacial upthrusting as caused by sup- 
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posed ice unloading. Thus it happens that the explanations of these phenomena 
collide, which leads to confusion. 

Without the least doubt the French glaciologist Paul-Emile Victor has performed 
extraordinary investigations in the icecap of Greenland and succeeded excellently 
in measuring its thickness in the southern half of its extension (cf. Ahlmann 1955). 
In 1956 he gave a very interesting report on the results of these epoch-making 
investigations showing that “Greenland resembles an ice-filled bowl rimmed by 
coastal ranges” and expressing the opinion that “at one spot the enormous overburden 
has depressed the bedrock to more than 1200 feet below the sea level” (l.c. p. 131, 
map explanation). This latter statement, however, seems to be out of agreement with 
the just-mentioned investigations by G. De Geer, and cannot be, consequently, 
scientifically defended. The general belief in icepressure as causing a sinking in the 
crustal substrate is certainly due more to the impression on the human mentality 
than to a real knowledge of such a process. The substrate of the Greenland ice cap 
was certainly shaped as a bowl by the same factors that once upthrusted the rimming 
coastal ridges in Late Tertiary times, as De Geer suggested. During the following 
glaciation the bowl-formed concavity (probably then being still above sea level, 
since this was so essentially lowered according to the above-mentioned basin deepen- 
ings) was filled with the ice pouring down from the mountains; this ice could not recede 
or else vanish, even though the sea level grew higher, since the ice cap was always 
sheltered all around from being melted on the one hand by the influence of sea water, 
on the other by climatic changes. 

However, a certain effect is certainly to be ascribed to the ice-cap, namely its 
cooling of the ground. The map published by Victor and still better, the map given 
by Ahlmann, shows a striking similarity to a West-Norwegian fjord landscape, both 
in the narrow shape of the valleys and their direction across the length extension of 
the land. Further, their deepest parties lie in a considerable distance from the coast, 
close to which the relief is much higher. Briefly, the Greenland picture and the 
Norwegian fjord-regions have with no doubt a similar origin. The cooling of the ground 
by the ice-cap caused the deepest fissures under its thickest parts but nearer to the 
coast, where the warmer sea heated the crust more than farther inland, the fissures 
could not penetrate so deep, leaving a coastal threshold at the fjord mouths. Thus, 
even the fjord problem, so long discussed though yet not sufficiently penetrated 
(cf. Holmes 1947, p. 224-26), finds an unsought explanation by means of the con- 
striction principle. 

De Geer (1911) emphasizes the intimate connection between the sinking of the 
Scandic Basin and the upthrusting of the surroundings with their centrifugal tilting 
both in East Greenland and Spitzbergen, Scandinavia and Scotland, as well as the 
mighty outpouring of basalt beds or intrusions on a large scale within wide tracts 
around the Scandic. His inference, as mentioned above, has been verified by means 
of later investigations. 

The French interpretations as effects of icepressure in Greenland have been ac- 
cepted for equal conditions in the Antarctic. Thus Dr. J. Kaplan (1957, p. 24) states 
about the Antarctic ice-cap in the surroundings of the Byrd stations: “Here prelimi- 
nary seismic soundings suggest that the ice cover of the continent may possibly be 
10,000 feet thick at some points. These preliminary readings are surprising, particu- 
larly since the measurement site is only 5,000 feet above sea level. This would suggest 
that there is land some 5,000 feet below sea level. Obviously, these preliminary read- 
ings must be checked carefully before any conclusions can be made. While most of 
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this is probably due to peculiar topographic features, it appears that the weight of 
ice has undoubtedly depressed the continent in this region to some extent. I might 
point out that this effect has occurred in Greenland where portions of the interior 
are also below sea level.’”’ It is necessary, though far from pleasant, to draw the 
attention to these conclusions which lack all scientific proofs. Certainly a scrutinizing 
reexamination of their tenability will show their prematurity at least, or that their 
explanation will be the same as here suggested for Greenland. In Tertiary times the 
Antarctic had a genial climate, was free from ice and connected with near-by con- 
tinents by means of land bridges (cf. above). The late submergence of those caused 
a deterioration of the climate and widened the glaciation. 

To allay all anxiety it should be said that the question about ice-pressure has, 
indeed, merely an academical importance and does not at all influence the field 
investigations during the present IGY. 

People have also made the assumption, only as a matter of speculation, that if 
the remaining ice-caps should melt away, this would lead to terrible inundations all 
over the world. However—on account of the stability of natural forces—such an 
eventuality would no doubt imply also an increase in the capacity of the ocean basins, 
just as was the case during late Tertiary according to the above-mentioned principles 
of the constriction theory (first published by me in 1934). Therefore, human kind 
has evidently nothing to fear—if nature only is allowed to mind its own business. 

A more detailed criticism of new opinions especially from American authors has 
been given in the paper of my esteemed collaborator Malaise 1957 with which I agree 
in essential points. 
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Postscript 


After the preceding pages had gone to press, my attention was directed to 
some papers in which Dr. G. M. Lees, late president of the Geological Society 
of London, expresses opinions which agree with those advanced by me both here 
and earlier. In order to enable a comparison to be made between our conclusions, 
I quote below some statements from the publications in question, which are: 


Interpretation of Gravity Anomalies. Nature, 169, p. 988, 1952. 

The Evolution of a Shrinking Earth. Anniversary Address delivered at the Annual General 
Meeting of the Society on 29 April, 1953. Quarterly Journal of the Geol. Soe. London, OLX, 
11 Dec. 1953. 

The Geological History of the Oceans, Deep Sea Research, 1954, 1. London. 
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In the first of these papers one reads: 


“Tn summing up, Dr. G. M. Lees said that in continental areas there are so many exceptions 
where the isostatic principle does not apply that he doubted its validity. ... One frequently 
quoted support for isostasy is the assumption that the recent rise of Scandinavia is the con- 
sequence of the disappearance of the great Ice Age ice burden. This is a most unsafe deduc- 
tion.... It is commonly asserted that a sedimentary basin sinks isostatically because of its 
load of sediments, but, said Dr. Lees, is it not rather that the sinking from some quite differ- 
ent cause has allowed the sediments to accumulate? He believed that crustal deformations 
are the consequence of contraction of the earth and not of convection currents in an ima- 
gined sima.”’ 


In his paper of 1953 Dr. Lees says: 


“Belief in the permanence of oceans has coloured geological thinking for many decades, but 
recent physical research has demolished many of the bases on which the hypothesis was 
founded. I shall attempt a short review of the problem as I see it and shall show that in my 
opinion there may be no fundamental difference between the basement of the oceans and the 
continental masses.” [Page 233.] 

“There is no geological evidence for an assumption that the oceans have been permanent, 
and there is abundant palaeogeographical evidence indicating extensive continental areas in 
parts of the present oceans. It is difficult to envisage a mechanism which could have repeatedly 
compressed the continents into such a complex structure if there were a fundamental difference 
in both composition and rigidity between oceans and continents.’ [Page 247; see also Lees 
1954, p. 69.] 

“Sedimentation is the consequence and not the cause of geosynclines; no adequate reason 
for the broad geosynclinal depressions has yet been offered....” [Page 251.] 

“The geophysical conception that mountain uplifts are compensated by deep roots ignores 
so many geological facts, and there are anyhow so many exceptions that, in my opinion, the 
whole interpretative side of gravity surveys requires review and where possible control by 
seismic investigation.’ [Page 254. ] 


Lastly, the following statement may be cited from Lees 1954, p. 69: 


“A boring in 1952 on Eniwetok Atoll, Marshall Islands, which may be considered as a sea- 
mount which has managed to remain at the surface by sedimentation keeping pace with the 
subsidence, encountered basalt at 4,208 feet below sea level, under shallow water limestones 
of Recent, Miocene, and Eocene ages. This is an extremely interesting result showing that 
subsidence was continuous for a very long time, but of course nothing is learned about the 
composition of the ocean floor other than that during or before the Eocene there was a vol- 
canic episode. In describing the results (H. 8S. Ladd et al., Bull. A. A. P. G., Vol. 37, 1953) the 
voleanic rock is referred to a ‘basement rock’ but this term is quite misleading as only 14 feet 
of basalt was penetrated and there is no evidence on its total thickness or on what may un- 
derlie it.” 


Notwithstanding undeniable proofs of land sinkings and the geological argument 
advanced by Lees in his papers partly quoted above, American scientists seem 
to adhere to the permanence of oceans and to other ideas opposed by Lees. Is 
it possible that even Lees has been forgotten, and so soon? In the most recent 
paper on the present subject, viz. E. L. Hamilton, The Last Geographic Frontier: 
the Sea Floor, Scientific Monthly, 85, 6, Dec. 1957, his name is not to be found 
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in the list of references. Certainly, this fact is the reason why one reads on p. 
296: “The thickness of unconsolidated sediments on the ocean floor is much less 
than was anticipated in view of the probable great age and permanence of the 
main ocean basins. Why this is so is an unsolved problem at the present time.” 
I am more inclined, however, to think that this fact is in disfavour of the per- 
manence and corroborates the opinions of sunken land areas expressed by the 
many geologists and biogeographers quoted in the above pages. 

Hamilton reproduces (after Menard 1955) in his just cited paper as fig. 3 an 
interesting area of ocean bottoms which has caused much perplexity and pon- 
dering without, however, giving rise to any acceptable explanation of its origin. 
This region of the bottom extends off the west coast of North America and 
exhibits peculiar linear fracture zones, four in number and at about equal 
distances running in W—E direction. Menard, in his careful inquiry into ‘“De- 
formation of the Northeastern Pacific Basin and the West Coast of North 
America, Bull. Geol. Soc. America, 66, pp. 1149-1198, has discussed the origin 
of the fractures in question, and his points of view on the problem are summed 
up in 14 tentative conclusions without making a decision of the most probable 
one; he only says, on page 1173 that “the simplest hypothesis may be pre- 
ferred on philosophical grounds’. It seems to me that these West Pacific trans- 
verse fracture zones remind one somewhat of the transverse fissures in Green- 
land and Norway nowadays forming fjord valleys, and that their origin thus 
could be explained in the same way and simplest as due to a tension in the 
earth’s crust perpendicular to their direction, a tension caused by an upheavel 
of the bottom, a possibility that has not been taken into consideration by Menard. 
However, Menard concludes (p. 1192) “a late Mesozoic or early Tertiary age 
for the formation of the fracture zones’’, a dating in agreement with the simul- 
taneous building of the great mountain chains, which presuppose the existence 
of geosyncline formations, and these in turn geanticlines on their sides. The 
simple way out of the difficulties in explaining the fractures in question should 
be by means of a previous upheaval due to thermal dilatation in this region, 
which was later on definitely submerged by means of thermal constriction. This 
is in reality a well-founded geological demand of many scientists, as shown in 
the preceding (p. 9) as a counterpart to the orogen. Indeed, it realizes most 
persuasively the postulation of Born (1933, p. 393, cf. Odhner 1944, p. 38): 
the former land of Cascadia. 


Tryckt den 14 april 1958 
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Communicated 9 April 1958 by Per Grier and Frans E. WIckKMAN 


Amphitalite a mixture 


By AKE HENRIQUES 


Amphitalite was discovered at Hallsjéberget (Horrsjéberget), Varmland, Sweden, 
by L. J. Igelstrém in 1866. 

Igelstr6m (1866, 1) gave the following description of the mineral (translated from 
the Swedish): 

“With this name from the Greek, auqiadijc, beflowered on all sides, I designated 
a white, hydrous aluminium phosphate from the place mentioned, which occurs 
massive, filling cavities and veins (up to 1 inch in diameter and width). It is inter- 
grown with and surrounded by the previously known beautiful minerals of this 
rock, lazulite, rutile, cyanite etc. The name refers to the earlier mentioned beauti- 
ful variegated surroundings in which the mineral is located, although it has a plain 
appearance itself. 

Its colour is milky white, also its powder. Thin splinters are translucent, there is 
no distinct cleavage and the fracture is uneven. H =6, the same as lazulite, with 
which the mineral is admixed or surrounded by.” 

A microscopic examination of the orginal material in the possession of the Swedish 
Museum of Natural History (R. M. 060294) showed that amphitalite is a mixture 
of several minerals. Augelite dominates amongst these. Further various quantities 
of apatite, lazulite and other phosphates, rutile, quartz, kyanite, mica and an epi- 
dote mineral occur, 

A powder photograph taken at the Swedish Museum of Natural History also 
shows that the amphitalite is mainly composed of augelite (no other minerals were 
established with certainty by this way, the reason being their low contents). 


REFERENCES 
Igetstrom, L. J. (1866, I), Nya mineralier fran Wermland, 2. Amfithalit fran Horrsjéberget i Ny 
socken, Elfdals harad. Wermland. Ak. Stockholm, Handl. Ofv., 23, 95-96. 


—— (1866, II), Die Mineralien von Horrsjéberg in Wermland: Amphitalit, Svanbergit, Damourit, 
Pyrophyllit, Kyanit, Lazulit, Rutil u.s.w. B. H. Ztg., 25, 309. 
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Communicated 14 May 1958 by Per Geiser and Frans E. WIcKMAN 


Tetragophosphite discredited 


By Ake Henriques 


Tetragophosphite was discovered at Hallsjéberget (Horrsjéberget), Varmland, 


Sweden by L. J. Igelstrém in 1896. 


Igelstr6m (1896) gave the following description of the mineral: 


»,--. Der Tetragophosphit findet sich auf Spalten und Rissen eines aus Cyanit und Damourit 


bestehenden Gesteines in vierseitigen Kristalltafeln von 2-3 mm Dicke und 20-30 mm Lange, 


Table 1. Minerals from HAllsjéberget first named and described by L. J. Igelstrém. 


val 


Igelstré6m’s name Actual identity 
Empholite? Diaspore? 
Talktriplite® Wagnerite* 
Amphitalite® Augelite® 
Rhodophosphite? Manganoan Apatite 8* 
Tetragophosphite’ Lazulite® 
Svanbergite! Svanbergite™ 


Igretstrom, L. J. (1883), Emfolit, ett nytt mineral fran Horrsjéberg i Vermland. Kungl. Vet. 
Akad. Stockholm, Ofv., 40, 7, 97-102. 

NoRDENSKIOLD, A. E. (1887), Mineralogiska bidrag, Diaspor fran Horrsjéberget i Vermland. 
Geol. For. Férh. 9, 30-34. 

IcetstrOm, L. J. (1882), Nya mineral fran Vermland, Talktriplit, ett nytt mineral fran Horr- 
sjéberg i Wermland. Kungl. Vet. Akad. Stockholm, Ofv., 39, 86-91. 

Henriques, A. (1956), An iron-rich wagnerite, formerly named talktriplite, from Hallsjéberget 
(Horrsjéberget), Sweden. Arkiv f. Mineralogi och geologi 2, 149-153. 

Icretstrém, L. J. (1866), Nya mineralier fran Wermland, Amfithalit fran Horrsjoberget i Ny 
socken, Elfdals harad, Wermland. Kungl. Vet. Akad. Stockholm, Ofv., 23, 95-96. 
Henriques, A. (1958), The identity of amphitalite. Arkiv f. Mineralogi och geologi. In press. 
IcEetstrOM, L. J. (1896), Rhodophosphit und Tetragophosphit, zwei neue Minerailien von Horr- 
sjéberg in Wermland. Zs. Kr. 25, 433-435. 

Hintze (1933), Handbuch der Mineralogie, vol. 4, pt. 1, 620. Klockmann-Ramdohr (1936), 
Lehrbuch der Mineralogie, 11. Aufl. Stuttgart. 

This paper. is 
IaetstrOm L. J. (1854), Nya svenska mineralier. Kungl. Vet. Akad. Stockholm, Ofv., 17, 
156-159. 

Yosrra, E. R. (1945), Svanbergite from Horrsjéberg. Ark. Kemi 20 A, n:o 4, 1-17. 


* Ramdohr (1936) has suggested from the description of the mineral (Hintze, 1933) that rho- 


dophosphite must be a manganoan apatite. A powder photograph of the original material (No. g 
28021) in the collection of the Swedish Museum of Natural History also shows that rhodophos- 


phite is identical with apatite. 
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A. HENRIQUES, Tetragophosphite 


aber auch in diinnen unregelmassigen Uberziigen und Hautchen. Er ist offenbar eine spatere 
Bildung und durch Infiltration in die Gesteinsspalten gelangt. 

Der Tetragophosphit gleicht dem Lazulith und ist ein sehr schén blaues, durchsichtiges, homo- 
genes Mineral. Der Farbenton ist aber etwas heller wie der des Lazuliths. 


The microscopic examination of the original material (No. g 32461) in the collec- 
tion of the Swedish Museum of the Natural History disclosed that tetragophosphite 
is a recrystallized lazulite (probably poor in iron and manganese). 

A powder photograph also shows that tetragophosphite is identical with lazulite. 

This investigation concludes the examination of the minerals named by L. J. 
Igelstr6m from the kyanite-quartzite from HAllsjéberget. Table 1 indicates that 
svanbergite is the only really new mineral of the deposit. 
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Communicated 9 April 1958 by Per Geiser and Frans E, Wickman 


Notes on the mineralogy of Sweden. 1-2 


By Eric WELIN! 


1. Andersonite, liebigite and schroeckingerite from Stripa, Vastmanland 


In the winter of 1957 fluorescent uranium minerals were for the first time ob- 
served in the Stripa iron mine. This mine works a quartz-banded iron ore which 
has been described by Geijer (1938). The chief constituents of the ore are hema- 
tite, quartz and skarn silicates. Magnetite usually occurs as scattered porphyro- 
blastic grains in the hematite bands. The deposit consists of two superimposed 
synclinally folded layers in a wide area of Archean leptites. These are intruded 
by some few small amphibolite dikes and finally by granite and dikes of granite 
aplite. Of these intrusions, at least the granite and the granite aplite are younger 
than the folding of the leptite-ore complex and the concluding faulting. The only 
feature Geijer has found to be of post-Archean age is a system Of numerous faults, 
which generally show no great displacement. 

In 1956 uranium-bearing fissure fillmgs were observed in the mine. They are 
best developed in the upper main ore body but they also exist in the lower ore 
body, and to some extent also in the leptite and in the granite. The investigation 
of this uranium mineralization is still in progress and the results will be published 
later. The secondary uranium minerals have been found in connection with the 
black uranium fissures as a thin coating in small cracks and on the walls of the 
drifts. They have been identified as andersonite, Na,Ca (UO,) (CO), -6H,O, liebi- 
gite, Ca, (UO,)(CO,),-10H,O, and schroeckingerite, NaCa, (UO,) (CO;), (SO,) F- 
10H,O, by means of X-ray powder photographs. These were made on a Philips 
Debye-Scherrer camera with a diameter of 114.83 using filtered Cu radiation. 
The intensities were estimated visually. In Tables 1-3 the measured spacings are 
compared with published values. 

Andersonite has so far only been identified in one place in the mine as crystals 
coating an area of some square centimeters on a drift wall. The grassgreen, rhom- 
bohedral crystals of andersonite are about one millimeter in diameter and show 
a pseudocubic habit. One of the crystals showed a well developed terminal face. 
On this crystal w= 1.524 could be determined. The specific gravity of andersonite 
is 2.80 and the fluorescence, bright green. Andersonite was first described by 
Axelrod et al. (1951) who found the specific gravity to be 2.80 and w=1.520. 

The color of liebigite, being very similar to that of andersonite, makes it im- 
possible to distinguish between the two minerals megascopically if crystal faces 
are not developed. This has been the case only in the above mentioned occurrence 


1 AB Atomenergi, Stockholm. 


373 


E. WELIN, Notes on the mineralogy of Sweden. 1-2 


Table 1. Interplanar spacings from X-ray powder patterns. 


4 ‘ ndersonite, Arizona : : Andersonite, Arizona 
Andersonite, Stripa perth al, (1951) || ABdersonite, Stripa | “4 <elrod et al. (1951) 

dops A i | dos A vi dops A I | dobs A Jf 
OIE: 3 13.0 10 1.932 I 1.933 1 

9.46 3 9.51 3 1.894 1 1.895 4 

7.94 9 7.97 10 1.846 3 1.852 6 

6.54 2 6.56 2 1.812 1 

5.72 9 5.68 10 L375 1 

5.24 10 5.22 10 1.747 il 1.749 1 

4.33 7 4.35 6 1732, 1 

4.19 7 4.19 6 1.679 1 1.684 3 

4.05 6 4.04 4 1.654 ] 

3.83 1 3.82 3 1.629 1 

3.69 8 sya 8 1.603 1 

3.49 1 3.49 2 eas! 2; 1-573 4 

3.08 1 3.34 2, 1.546 1 

Salld 3 Salo: 5b | 1,522 1 

3.00 6 3.00 7 1.503 1 

2.85 0.5 1.466 1 

2.798 5 2.79 6 | 1.441 1 

2.643 1 1.408 J 

2.450 3 2.45 5 1.390 1 1.393 3 

2.383 2 2.36 4 1.347 1 1.344 3 

2.302 2 ails? 1 

2.203 5 pap | Tf W275 1 

2.115 1 1.259 il 1.262 3) 

2.032 1 2.04 4 1.245 1 

2.007 1 2.01 4 1.230 0.5 1.232 3 

1.974 ] 1.977 4 1.194 0.5 

1.953 1 1.957 4 1) es} 0.5 


of andersonite. The fluorescence of liebigite is also very similar to that of ander- 
sonite. The measured specific gravity of liebigite is 2.41, which is the same as 
Evans and Frondel (1950) found on a specimen from Joachimsthal, Bohemia. 

The appearance of schroeckingerite is quite different from andersonite and lie- 
bigite. It forms wartlike. earthy masses of yellow-white color and at most one 
millimeter in diameter. In the handspecimen containing the previously mentioned 
andersonite, some of these crystals are covered with small schroeckingerite warts. 
The fluorescence of the Stripa schroeckingerite is bright whitish green and not, 
as described by Axelrod efal., similar to that of andersonite. The specific gravity 
is 2.54. On specimens from Argentina, Utah and Wyoming, Hurlbut determined 
the specific gravity to be 2.550, 2.544 and 2.5. 

As already described, the minerals appear both in small cracks in the rock and 
in the ore and also on the walls of the drifts. The minerals on the walls, at least, 
must have been formed after the mining operation, and must accordingly be very 
young. It has in fact been established that after a time of 1-2 months the walls of — 
new drifts fluoresce strongly. In order to investigate the conditions during which the | 
minerals are precipitated from the aqueous solutions, an analysis has been perfor- 
med on water from the mine. (Table 4.) | 

This analysis, made by the Analytical Section of AB Atomenergi, shows a 
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Table 2. Interplanar spacings from X-ray powder patterns. 


Liebigite, Joachimstal Liebigite, Joachimstal 


Pretnence, tries USGS Bull. 1036-G _| Evans and Frondel (1950) 


GRIN i dovs A JE Oleyyep ts I 
8.86 9 8.68 9 
8.28 7 8.27 1 
7.52 0.5 
6.82 10 6.81 10 6.81 9 
6.08 1 6.11 2 6.07 2 
5.52 10 5.40 9 5 37 10 
4.95 0.5 4.95 1 4.98 1 
4.55 8 4.55 6 4.55 6 
4.21 0.5 
4.18 0.5 4.17 1 
4.06 3 4.04 2 4.10 5 
3.93 1 3.95 1 3.93 1 
3.78 1 3.75 2 3.79 y 
3.58 2 3.58 3 3.60 4 
3.32 2 3.33 5 3.35 7 
3.31 5 
3.20 1 3.19 1 
3.11 9 3.10 6 3.16 8 
3.05 1 3.02 1 3.04 2 
2.99 i 
2.834 1 2.84 1 2.85 2 
2.761 1 aia 1 2.78 2 
2.665 i 2.66 l 2.71 1 
2.591 1 2.57 3 2.59 4 
2.549 l 
2.437 i 2.44 1 2.47 3 
2.37 2 
2.305 1 2.30 2 2.32 3 
2.257 1 2.26 2 2.28 3 
2.143 1 2.15 4 2.18 4 
2.101 2 2.10 1 2.12 2 
2.066 1 2.05 l 
2.030 0.5 2.02 1 
1.987 3 1.998 5 2.01 5 
1.956 1 1.957 1 
1.909 1 1.911 1 1.929 % 
1.880 1 1.884 l 
1.837 1 1.830 i 1.852 1 
1.714 2 1.716 FB 1.731 4 
1.665 1 1.670 3 1.684 2 
1.617 0.5 1.631 1 
1.559 1 1.561 9 1.575 2 
1.532 0.5 1.533 1 1.547 1 
1.483 0.5 1.484 i 1.497 1 
1.461 0.5 1.473 2 1.473 2 
1.431 0.5 1.437 l 1.451 1 
1.411 0.5 1.416 1 1.423 1 
1.395 0.5 1.397 1 1.402 1 
1.344 0.5 1.347 2 1.358 2 
1.341 0.5 
1.329 1 
1.293 0.5 1.301 2 
1.272 0.5 1.285 2 
1.245 0.5 1.258 2 
1.211 0.5 1.222 2 
Helv 0.5 1,182 1 
1.134 0.5 1.167 i 
1.125 0.5 
1.074 0.5 


E. WELIN, Notes on the mineralogy of Sweden. I—2 


Table 3. Interplanar spacings from X-ray powder patterns. 


Schroeckingerite, Wyoming 


Schroeckingerite, Stripa Jaffe et al. (1948) 
dops If dops wh 
14.75 0.5 14.5 5 
8.33 4 Sic 4+ 
7.19 10 en 10 
5.00 5 5.62 oe 
5.36 5 5.45 1+ 
5.32 ] 
4.80 8 4.81 6 
4.26 1 
4.15 4 4.18 1+ 
0 4 4.06 ] 
3.61 1 
3.34 1 3.37 1 
Sey 1 
3.24 i] 
3.12 lb 3.1 lb 
2.874 3 2.88 6 
Zale 3) 2.78 1 
2.696 0.5 OFagi| 1 
2.621 0.5 2.63 1 
2.392 2 2.40 1+ 
2.297 2 2.30 lb 
ZS ] ae il 
2.046 1 2.05 3 
1.906 2 
1.816 7 
1.789 1 1.80 I+ 
1.664 0.5 
1.568 0.5 
Ss 0.5 


deficit of uranium with respect to the other components of minerals. Therefore 
the total amount of uranyl carbonates which crystallize from the aqueous solu- 
tions depends only on the uranium content. The amount of each uranyl carbo- 
nate is, howewer, unknown. 

The solubility of schroeckingerite is 4.02 g/l at pH 6.0 (22°C) (Ross 1955) and, 
as andersonite in one specimen is covered by schroeckingerite. its solubility most 
probably is lower than that of schroeckingerite. By dissolving liebigite in distilled 
water with a pH of 6.0, a saturation was found at 4.22 g/l (20°C). This deter- 
mination shows that liebigite is slightly more soluble than schroeckingerite (and 
andersonite). Lack of material made it impossible to carry out a determination 
of the solubility of andersonite. 

If the order of crystallization was regulated by the solubility of the minerals 
only one of the carbonates would form. This is not the case, and other factors 
than the solubility therefore may influence the order of crystallization as e.g. 
different composition of the water, or variable humidity of the air. 

A contributive circumstance to the precipitation of the uranyl carbonates is 
the high pH value 8.1 of the water, since Ross has shown in the synthesis of 
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Table 4. Chemical analysis of water from Stripa iron mine. 


mg/l 
Consumption of KMnO, 6 
Residue ofevaporation. ....... 226 
Residue of evaporation, ignited 600° C . 159 
(ere 2.4 
Ca 40.7 
Mg 3.6 
Na 20.9 
IS 2.3 
Vee Le 0.15 
HCO; 130 
SO, . 27 
1EAO ht pated, NES 3 Ao ie Sent int aah ae <1 
COSMra Cee. IAP. A Te ie See, 2.4 
Si shee h: earls ). See oct eae hice <1 
Bribes us) Ey. cieabsins tetra en oopataet. | emOtdetermined 


schroeckingerite that the solubility of this mineral probably approaches a mini- 
mum at pH 9. The synthesis of andersonite also has been carried out at pH 8-9 
(Axelrod etal.). The temperature in the mine is+5 to+8°C and the relative hu- 
midity in the central part of the mine is 90 % during the summer and nearly 100 % 
during the winter (Larsson 1956). Since the solubility of schroeckingerite at this 
temperature and at pH 8.0 can be estimated to be roughly 1.5 g/l, and since, at 
most, 8.95 mg/l schroeckingerite can be formed from the total uranium content 
of the water (2.4 m/l), a practically complete evaporation of the water is necessary 
for precipitation. This is possible on the walls and roofs of the drifts, which have 
an extensive, thin water cover, and which are passed by ventilation air at the 
rate of 6-10 m3/sec. In all, 128 m3/sec. air with an average relative humidity of 
80% is supplied continuously to the mine. The excess CO, in the water, which 
may influence the solubility of the uranyl carbonates, also has the greatest possi- 
bility to evaporate when the water is spread out over the walls. 
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2. Ferrocolumbite from Sérhallan, Norrbotten 


This mineral was found in the Sorhallan feldspar quarry, south of Ranea, during 
the course of mapping in the Norrbotten county by the Geological Survey. The 
quarry is, according to Sundius (1951), situated on the hanging wall side of a graphic- 
granite vein, which consists mainly of reddish feldspar and quartz with some dark 
or light-coloured mica, tourmaline, garnet and beryl. The ferrocolumbite occurs 
as black irregular masses between feldspar crystals in the available small samples, 
borrowed from the Swedish Museum of Natural History (RMA 51 0324-51 0326). 
It is partly covered by a thin yellow incrustation which also occurs in the cavities 
and cracks of the ferrocolumbite. The yellow mineral is usually earthy but may 
locally change to a glassy translucent mass. 

The ferrocolumbite was identified by means of X-ray powder photographs. In 
Table 1 the measured d-spacings are compared with the values of a columbite 
from Mitchell Co., N.C., published by Berman (1955). The X-ray powder data 
were measured on a Philips Debye-Scherrer camera with a radius of 57.3 mm 
using filtered Cu radiation. The intensities were estimated visually. 

A chemical analysis of the ferrocolumbite has been performed by Miss Th. 
Berggren. The result of this analysis is shown in Table. 2. 

The molecular quotients are, if the water is assumed to be hygroscopic 


AQ: B,O; = 1.00: 1.02 


Table 1. Interplanar spacings from X-ray powder patterns. 


Ferrocolumbite, Ranea |Columbite, Mitchell Co., N.C. 


dops A I dovs A di 
7.15 1 
3.65 6 3.65 4 
2.97 10 2.97 10 
2.87 2 
2.55 I 
2.52 2b 2.50 2 
2.371 1 2.38 1 
2.214 1 2.21 1.5 
2.092 2 2.09 1 
1.907 1 Uy 2 
1.830 1 1.83 lb 
1.770 1 1.77 lb 
1.74 2b 
1.725 4 1.72 3b 
1,541 2 1.542 2b 
1.457 3 1.464 3b 
1.382 1 1.380 1 
1.312 0.5 
1.238 0.5 
1.216 0.5 
1,192 1 
1.098 1 
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Table 2. Chemical composition of ferrocolumbite, Rane. 


ae Molecular ratios 

H,O 1.6 0.0889 0.0889 

Na,O 0.3 0.0048 

MgO 0.8 0.0198 

CaO 0.6 0.0107 

MnO 29 0.0409 

FeO 14.6 0.20324 2° 92829 
Ce,O, / & c. 0.5 0.0029 

U,0, 0.2 0.0002 

ThO, 0.1 0.0004 

TiO, 11 0.0138 

Nb,O; 68.7 0.2584 | B,O, 0.2896 

Ta,0, 17 1.0174 | 


Total | 99.1 | 


Accordingly, the formula of the mineral can be written 
(Feo.72 Mo.15 Xo.13) (Nbo.g9 Tao.96 Tip.o5)20e, 


where X=small quantitys of Mg, Ca, Na, Ce, U and Th. 

From the Ta content the specific gravity can be calculated to be 5.43 +0.05 
(Palache etal.). The measured value of the specific gravity is 5.26 +0.05. 

The radioactive yellow incrustations in the fissures and on the surface of the 
ferrocolumbite only shows a very weak powder line with a d-spacing of 3.32 A. 
It does not fluoresce when illuminated with UV light. Other physical or chemical 
determinations have not been possible to carry out on account of the small avail- 
able amounts of the mineral. As the ferrocolumbite contains some uranium it is 
obvious that the yellow incrustations consists of a supergene uranium mineral. 
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The influence of cations on the optical properties 
of clinopyroxenes 


Part II 


By Axe Henriques 


SUMMARY 


Regression equations of the second degree for the optical properties («, pb, y and 2V) asa 
function of the chemical composition of clinopyroxenes have been calculated. 


In part I (Henriques, 1958) the connexion between chemical composition and 
optical properties («, 6, y and 2V) for clinopyroxenes was derived with regression 
equations of the type: 


a=a,+ La, Ni, (1) 
p=agt+ Xi aig Ni, (2) 
Y= ay, + Dai, Ni, (3) 
2V =aey+ Ladieyv Mi, (4) 


where @,ag@, and dzy are constants, a), 4g0;, and ajzy represent the effects of 
the cation of type 7 on the refractive indices «, f, y, and the optic axial angle 
2V. N is the number of the cations in a fixed volume. 

The author has also shown earlier (Henriques, 1957): 

“The partial regression equations possess solely descriptive character and rely 
entirely on the assumption that the optical properties are additively composed 
of and are linear functions of the relative contents of the elements. This should 
be the case, at least approximately, within a mineral group showing substitution 
solid solution and whose properties vary continuously with the composition. 
Now, polarization effects and other lattice effects are able to influence the optical 
properties to some extent so that these deviate from the strictly linear function. 
As a result hereof full agreement between the determined and calculated values 
cannot be obtained. Better agreement between reckoned and observed values is 
obtained by using equations of the form: 


4 4 
a=a,t+ Da,.Ni +d ai, Ni, 


( 

B=agt Daig Ni td aig Ni, ( 
y=a,+ Day N; + Lai, Ni, (7 
Vix Gop dey Ne Datiey No ( 
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By differentiating the equations devised by Hori and the author (here only 
carried out for «) one obtains: 


da=Xa;,d N;, (9) 
da=Da,dNi,+2 D4; Nid Nj. (10) 


Optical properties for clinopyroxenes according to equations of type (5)-(8).* 


Coe 


We 


2V= 


(1.862 + 1.520) Si— (0.515 + 0.580) Si? — (0.105 + 0.588) Al + 
(0.283 + 0.272) Al? — (0.507 + 0.948) Ti+ (9.591 + 6.314) T? + 
(0.527 + 0.415) Cr — (14.849 + 10.482) Cr? — (0.059 + 0.570) Fe** + 
(0.744 + 0.397) Fe® oy + (0.070 + 0.348) Fe”* — (0.036 -+ 2.655) Fe2* "= 
(0.164 + 0.324) Mn — (1.258 + 1.053) Mn? — (0.035 + 0.369) Mg + 

( ) 

( ) 

( 


0.008 + 2.209) Mg? + (0.091 + 0.385) Ca — (0.063 + 0.086) Ca? — 
0.112 + 0.219) Na+ (0.901 + 0.797) Na? — (0.230 + 0.438) K + 
42.400 + 45.890)K2. (11) 


= (2.266 + 1.520) Si— (0.668 + 0.580) Si2 — (0.261 + 0.588) Al+ 
(0.338 + 0.272) Al? — (0.840 + 0.948) Ti + (12.369 + 6.314) Ti? + 
(0.356 + 0.415) Cr — (14.783 + 10.481) Cr? — (0.214 + 0.570) Fe?* + 
(0.940 + 0.397) Fe?” — (0.032 + 0.348) Fe?* — (0.032 + 0.027) Fe?*” + 
( )M 

( ) 

( 

( 


0.066 + 0.324 (1.278 + 1.053) Mn? — (0.138 + 0.369) Mg + 

0.011 + 0.022 ee (0.015 + 0.385) Ca — (0.076 + 0.086) Ca? — 

0.133 + 0.219) Na+ (0.665 + 0.797) Na? — (0.416 + 0.438) K+ 

56.055 + 45.887) K2. (12) 


(2.559 + 1.675) Si— (0.775 + 0.639) Si? — (0.377 + 0.648) Al + 

(0.405 + 0.300) Al? — (0.866 + 1.044) Ti+ (11.054 + 6.957) Ti? + 

(0.362 + 0.458) Cr — (18.435 + 11.549) Cr? — (0.323 + 0.628) Fe®* + 

(0.958 + 0.437) Fe®*” — (0.097 + 0.384) Fe2* — (0.027 + 0.029) Fe2*” — 
(0.013 + 0.357) Mn — (1.201 + 1.160) Mn? — (0.191 + 0.407) Mg + 

(0.005 + 0.024) os — (0.068 + 0.425) Ca — (0.066 + 0.094) Ca? — 

(0.176 + 0.241) Na+ (0.610 + 0.878) Na? — (0.439 + 0.483) K + 

(60.134 + 50.564) K2. (13) 


(278.63 + 2087.85) Si— (115.32 + 796.57) Si? — (66.84 + 807.92) Al— 
(20.69 + 373.37) Al? — (750.68 + 1301.35) Ti+ (6444.52 + 8671.20) Ti? + 
(16.51 + 570.35) Cr— (9997.82 + 14394.25) Cr® — (151.98 + 782.79) Fe®* + 
(491.03 + 544.89) Fe?** — (91.16 + 478.43) Fe?* + (44.09 + 36.45) Fe2*? — 
( 

( 

( 


385.46 + 444.96) Mn + (2130.24 + 1446.02) Mn? — (76.69 + 507.30) Mg + 
7.49 + 30.33) Mg? + (147.30 + 529.12) Ca — (115.24 + 117.48) Ca2 + 

70.04 + 300.27) Na — (143.31 + 1094.04) Na? — (404.87 + 601.93) K — 
(9886.86 + 63018.51) K2, (14) | 


1 Si, Al, Ti... is the number of Sift, Al®+, Ti4t ions ... based on 6072. 
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Table 1. Calculated and observed refractive indices of clinopyroxenes according 
4 to equations (11)-(13). 


No | QXeale Qops | Aw | Poac Bons | Ap | Veale YVovs | Ay 
1 1.672 1.672 0.000 1.679 1.678 — 0.001 1.701 1.701 0.000 
2 1.674 1.674 0.000 1.680 1.680 0.000 1.702 1.702 0.000 
3 1.680 1.680 0.000 1.685 1.684 — 0.001 1.705 1.706 0.001 
4 1.681 1.681 0.000 1.686 1.685 — 0.001 e707 1.706 — 0.001 
5 1.680 1.681 0.001 1.684 1.685 0.001 705) 1.708 0.003 
6 1.682 1.682 0.000 1.687 1.687 0.000 1.709 1.709 0.000 
Y 1.683 1.683 0.000 1.687 1.686 — 0.001 Lot: 1.709 — 0.001 
8 1.679 1.682 0.003 1.684 1.687 0.003 1.707 1.709 0.002 
9 1.683 1.682 — (0018 1.688 1.688 0.000 Herelal HZ) — 0.001 
10 1.683 1.683 0.000 1.688 1.687 — 0.001 Heyl) 1.710 — 0.001 
i 1.687 1.687 0.000 1.692 1.692 0.000 1.715 L715 0.000 
12 1.693 1.691 — 0.002 1.698 1.695 — 0.003 PAD 1.719 — 0.001 
13 1.692 1.692 0.000 1.698 1.697 — 0.001 1.720 1.719 — 0.001 
14 1.698 1.699 0.001 1.704 1.706 0.002 L725 Lr27 0.002 
15 1.699 1.700 0.001 1.707 1.706 — 0.001 1.728 1.728 0.000 
16 1.708 1.708 0.000 1.714 1.714 0.000 1.736 1.736 0.000 
17 1.708 1.708 0.000 1.714 eA is) 0.001 1.736 1.735 0.000 
18 L722 1723 0.001 1.730 1.730 0.000 1.750 ERAS 0.001 
19 W783) 1.736 0.001 1.745 Ao 0.000 1.764 EOS) 0.001 
20 1.697 1.698 0.001 1.706 1.706 0.000 1.724 1.724 0.000 
21 1.691 1.689 — 0.002 1.697 1.695 — 0.002 1.718 1.716 — 0.002 
22 1.693 1.693 0.000 1.698 1.698 0.000 e720 172.0 0.000 
23 1.701 1.699 — 0.002 1.706 1.705 — 0.001 L727 1.726 — 0.001 
24 1.707 1.709 0.002 TS yf 1.714 0.001 Eide 1.734 0.001 
25 1.716 | aril Us — 0.001 L721 pal 0.000 1.740 1.740 0.000 
26 RSA Sil 1.710 — 0.001 ey: Le gillss — 0.002 WeTesy| 735 — 0.002 
27 1.726 726 0.000 1.733 733 0.000 1755 We 7593) 0.000 
28 1.691 1.693 0.002 1.695 1.697 0.002 1.718 1722, 0.004 
29 1.694 1.694 0.000 1.698 1.698 0.000 P22; W722, 0.000 
30 1.693 1.694 0.001 1.698 1.698 0.000 1.721 e722 0.001 
31 1.695 1.695 0.000 1.699 1.701 0.002 1723 1.725 0.002 
33 1.697 1.697 0.000 1.701 1.701 0.000 1.725 e724: — 0.001 
35 1.674 1.672 — 0.002 1.679 1.679 0.000 1.702 ZO — 0.001 
36 1.675 1.674 — 0.001 1.680 1.681 0.001 1.702 1.703 0.001 
37 1.602 1.692 0.000 1.699 1.698 — 0.001 1.719 1.719 0.000 
38 1.705 1.707 0.002 1.712 1.714 0.002 1.730 Les 0.003 
39 1.722 Pall — 0.001 1.730 1.729 — 0.001 1.747 1.746 — 0.001 


From equation (9) it becomes apparent that d« is a function of the changes 
in the chemical constitutions, while equation (10) is a function of both the chem- 
ical contents and their variations.” 

Regression equations for «, 8, y and 2V were calculated from the same material 
(Hess, 1949) as in part I. 

In Tables 1 and 2 calculated and determined values for the refractive indices 
and for the axial angle are presented. 

A table illustrating the changes in refractive indices by ionic substitution of 
1 atomic per cent of an ion with another for the clinopyroxenes (Henriques, 1958), 
cannot be derived. As the regression equations contain terms of the second de- 
gree the optical properties will be dependent on the absolute contents of the 
ionic species. 
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Table 2. Calculated and observed optical angles of clinopyroxenes according 
to equation (14). 


No. | 2V cate | DV ons | ASV | No. | QV cals | OV gis | A 2V 
i 58 58 0 20 66 66 0 
2 55 56 1 21 55 56 1 
3 51 50 =i 22 55 55 0 
4 48 49 1 23 56 56 0 
5 49 49 0 24 57 56 all 
6 49 49 0 25 57 57 0 
7 47 48 1 26 55 54 = 
8 52 52 i) 27 59 59 0 
9 52 52 0 28 46 44 =) 

10 51 52 1 29 47 47 0 
11 48 51 3 30 47 47 0 
12 48 48 0 31 45 49 4 
13 52 51 =] 33 43 40 = 8 
14 59 58 =i) | 35 55 57 2 
15 52 49 =3 36 58 57 =i 
16 60 60 (| 37 58 59 1 
17 53 57 4 38 61 62 l 
18 63 63 0 39 68 68 0 
19 72 70 Ver 


Tables 1 and 2 and 1-4 in part I show that better agreement between ob- 
served and calculated values is obtained when regression equations with quadra- 
tic terms are employed. This would seem to be primarily due to the fact that, 
as already noted, the optical properties of clinopyroxenes are not strictly linear 
functions of the chemical composition of the mineral. 

The regression equations were solved with a digital computor (BESK), (Hen- 
riques, 1958). 
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The influence of cations on the optical properties of 


orthopyroxenes 
By Axe HENRIQUES 


Hori (1954) and the author have published calculations of the optical properties 
of clinopyroxenes («, 8, y and 2V) as functions of the chemical composition. The 
calculations were in both cases based on material obtained from an examination of 
the optical and chemical properties of clinopyroxenes (Hess, 1949). The results of 
Hori’s and the present author’s calculations do not quite agree, owing to the fact 
that the regression equations derived for the solution of the problem differ formally 
somewhat from each other (Henriques, 1957). 

Hori (1956) also derived corresponding equations for orthopyroxenes. In the follow- 
ing the present author has derived anew regression equations for the same mineral 
group in accordance with the method used for the clinopyroxenes. 

The equations for « and f were calculated on the basis of the same material as 
was used by Hori. The basis was increased for the determination of y, however, with 
material used by Hori for control of the equations obtained. In the latter case it was 
found that this causes an essential reduction in errors (see equations 4~9). 

The formula of orthopyroxenes indicates that two inner relationships exist (Henri- 
ques, 1957). In order to permit solution of the equation systems 


ZO, + thie NG (1) 
B = ag + Laie N,, (2) 
ya, +Xa,,N,, (3) 


where a,, a3 and a, are constants, @;,, 4,3 and a,, represent the effects of the cation of 
type i on the refractive indices «, 6 and y, Nis the number of the cations in a definite 
volume, the constant and one of the ion types, here Al(4), must be removed (equa- 
tions 46), or the constant must be left out while Al(6) and Al(4) are combined (equa- 
tions 7-9). It is possible to obtain solutions containing both constants and all ionic 
varieties but such equations cannot be ascribed any real importance (Hald, 1948). 


Refractive index of orthopyroxenes according to equations (1-3). 
The constant and Al(4) are left out. 


Si, Al, Ti ... is the number of Si*+, Al%+, Ti*+ ions ... based on 60-2, 
a = (0.492 + 0.034)Si + (0.915 + 0.081)A1(6) + (1.634 + 0.258) Ti + 
(0.416 + 0.243)Cr + (0.576 + 0.083)Fe3+ + (0.387 + 0.033)Fe?+ + 
(0.407 + 0.047)Mn + (0.333 + 0.034)Mg + (0.422 + 0.073)Ca — 
(0.190 + 0.261)(Na +K). (4) 
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Table 1. Calculated and observed refractive indices of orthopyroxenes according 


to equations (4-6). 


No.” Xcale “obs | Ag | Beatc | Bobs | Ag | Veale | Yobs | Ay 
1 1.651 1.651 0.000 1.654 — 0.001 
2) 1.661 1.660 | —0.001 1.665 0.000 
3 1.668 1.668 0.000 1.674 0.001 
4 1.672 1.672 0.000 1.677 0.002 
5 1.675 1.676 0.001 1.681 0.002 
6 1.684 1.684 0.000 1.692 0.001 
7 1.686 1.685 | —0.001 1.694 — 0.001 
8 1.694 1.691 — 0.003 1.701 0.000 
9 1.694 1.696 0.002 1.701 0.002 
10 1.695 1.696 0.001 1.705 0.002 
ll 1.694 1.693 — 0.001 1.705 0.000 
12 1.702 1.702 0.000 Ney, — 0.001 
i183 1.715 1.715 0.000 1.728 0.000 
14 1.740 1.738 | —0.002 1.751 — 0.001 
15 ial EGS || OOo! 1.762 0.000 
16 1.754 1.755 0.001 1.763 0.003 
17 0.002 
18 0.002 
19 0.000 
20 0.003 
21 0.001 
22 0.001 
23 0.002 
24 0.000 
25 0.001 
26 0.002 
oT 0.004 
28 0.001 
29 0.003 
30 0.000 
31 0.002 
? The numbers refer to Hori (1956), Tables 3 and 4. 
B = (0.511 + 0.037)Si + (1.093 + 0.089) Al(6) + (1.921 + 0.284)Ti + 
(0.406 + 0.267)Cr + (0.508 + 0.092)Fe3+ + (0.381 + 0.036)Fe2+ + 
(0.358 + 0.051)Mn + (0.316 + 0.037)Mg + (0.263 + 0.081)Ca + 
(0.172 + 0.287)(Na +K). (5) 
y = (0.531 + 0.012)Si + (0.971 + 0.021)A1(6) + (1.889 + 0.100)Ti + 
(0.711 + 0.066)Cr + (0.461 + 0.029)Fe3+ + (0.364 + 0.011)Fe2+ + 
(0.350 + 0.019)Mn + (0.299 + 0.012)Mg + (0.275 + 0.015)Ca + 
(0.068 + 0.033)(Na +K). (6) | 


Refractive index of orthopyroxenes according to equations (1-3). 
The constant ws left out while Al(6) and Al(4) are combined. 
i, Al, Ti ... is the number of Si‘t+, Al8+, Ti4+ ions ... based on 60-2. 


ao = 6 490 + 0.034)Si + (0.454 + 0.041)Al + (0.762 + 0.287) Ti + 
(0.010 + 0.271)Cr + (0.584 + 0.085)Fe%+ + (0.389 + 0.033)Fe?+ + 
(0.410 + 0.047)Mn + (0.335 + 0.034)Mg + (0.415 + 0.075)Ca — 
(0.166 + 0.266)(Na +K). 
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Table 2. Calculated and observed refractive indices of orthopyroxenes, observed. 
and calculated values according to the equations (7-9). 


No.” 


“obs | Aw | Beate | Bobs | Ag | Veale | Yobs | A, 


Xeale 


1.651 1.651 0.000 1.652 1.653 0.001 1.661 1.659 | — 0.002 
1.661 1.660 | — 0.001 1.663 1.664 0.001 1.669 1.669 0.000 
1.667 1.668 0.001 1.672 1.673 0.001 1.679 1.679 0.000 
1.672 1.672 0.000 1.674 1.677 0.003 1.681 1.681 0.000 
1.674 1.676 0.002 1.678 1.682 0.004 1.684 1.687 0.003 
1.684 1.684 0.000 1.690 1.692 0.002 1.696 1.696 0.000 
1.686 1.685 | —0.001 1.693 1.693 0.001 1.697 1.697 0.000 
1.694 1.691 | — 0.003 1.699 1.701 0.002 1.705 1.705 0.000 
1.693 1.696 0.003 1.699 1.705 0.006 1.706 1.707 0.001 
10 1.695 1.696 0.001 1.703 1.703 0.000 1.706 1.708 0.002 
ll 1.694 1.693 | — 0.001 1.702 1.704 0.002 1.709 1.709 0.000 
12 1.701 1.702 0.001 1.710 1.712 0.002 1.715 1.715 0.000 
13 1.715 1.715 0.000 1.726 1.728 0.002 1.732 1.731 | =0:001 
14 1.739 1.738 | — 0.001 1.748 1.749 0.001 1.756 1.755 | —0.001 
15 1.752 Tole OLO0I 1.760 1.760 0.000 1770 EOS) | OOO! 
16 1.754 1.755 0.001 1.761 1.763 0.002 Wet 1.773 0.002 


OmAGKAPrwWNe 


17 1.670 1.670 0.000 
18 1.673 1.675 0.002 
19 1.679 1.680 0.001 
20 1.679 1.680 0.001 
21 1.683 1.683 0.000 
22 1.689 1.689 0.000 
23 1.693 1.692 | —0.001 
24 1.698 1.698 0.000 
25 1.699 1.699 0.000 
26 1.705 |} 1.707 0.002 
27 1,719 1.721 0.002 
28 1.726 1.726 0.000 
29 1.730 1.730 0.000 
30 1.731 1.731 0.000 
31 1.736 1.735 | —0.001 


* The numbers refer to Hori (1956), Tables 3 and 4, 


B = (0.508 + 0.036)Si + (0.542 + 0.043) Al + (0.878 + 0.304)Ti — 

(0.084 + 0.287)Cr + (0.517 + 0.090) Fe#+ + (0.383 + 0.035)Fe2+ + 

(0.361 +0.050)Mn + (0.318 +0.036)Mg + (0.254 +0.079)Ca + 

0.203 + 0.282)(Na+K). (8) 
— 


0.371 + 0.059)Cr + (0.469 + 0.025)Fe+ + (0.355 + 0.010)Fe2+ + 
0.335 + 0.016)Mn + (0.289 + 0.010)Mg + (0.287 + 0.013)Ca + 


) 
) 
) 
0.541 + 0.010)Si + (0.468 + 0.009) Al + (0.826 + 0.095)Ti + 
| 
0.123 + 0.028)(Na +K). (9) 


ae 


Tables 1 and 2 show determined and calculated values for «, 6 and y. It is apparent 
from these that the deviations are generally small. Table 3 illustrates changes in 
y caused by the ionic substitution of 1 atom per cent of a ion with another for both 
ortho- and clinopyroxenes. A comparison between variations in the index of refraction 
of orthopyroxenes and clinopyroxenes, respectively, shows mostly a general agreement 
(increase or decrease of the index of refraction for corresponding substitution) but 
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q Table 4. Ranges of the proportions of cations on the basis of six oxygen. 


«and B y 

Min. Max. Min Max. 
Si 1.875 2.004 1.875 2.004 
Al (4) 0 0.093 0 0.104 
Al (6) 0 0.073 0 0.073 
Ty 0 0.013 0 0.017 
Cr 0) 0.020 0 0.020 
Fe?+ 0 0.061 0) 0.061 
Fe?+ 0.011 1.592 0.011 1.592 
Mn 0 0.222 0) 0.222 
Mg 0.223 1.970 0.223 1.970 
Ca 0.012 0.076 0.005 0.162 
Na+ K 0 0.014 0 0.056 


the numerical values may deviate widely.! This may partly be due to the fact that 
orthopyroxenes and clinopyroxenes do not have quite identical cell structures. There- 
fore the effect of the various ions on the index of refraction of the two mineral groups 
will not be exactly the same. It seems, however, that the main cause is attributable 
to other factors. It was found that when the range of variation for the ions making 
up the pyroxenes was great (see Table 4) good agreement was obtained between the 
two types of pyroxenes as well as between the corresponding values in the literature. 
When, for example, manganese is replaced by iron (divalent), y for ortho- and clino- 
pyroxenes is changed by respectively 0.66 < 10-3 and 0.65 x 10-8 per molecular per 
cent of substituent. The corresponding literature values are, respectively, 0.63 < 10-3 
and 0.68 x 10-3 (Winchell, 1951), and 0.59 x 10-3 and 0.60 x 10-3 (Hess, 1949). Since 
the range of variation (for the ions making up the pyroxene) is small, incorrect deter- 
minations of a chemical and optical nature will strongly influence the exactness 
of the numerical values (see Tables 3 and 4). Therefore, with reference to this and 
the approximations that were necessary for mathematical reasons (Henriques, 1957) 
it was found that it is not possible to determine exactly the changes in the optical 
properties of pyroxenes caused by ionic substitution, with the material here used. 

Hess and Phillips (1940) have found this for magnesian orthopyroxenes: 

“The gamma index value seems to be practically independent of the Al,O;, Fe,Os, 
Cr,0;, TiO, and alkalies contained in the mineral in small but variable amounts. 
Where lamellae of diopsidic pyroxene are present the CaO is probably contained 
almost exclusively in the lamellae, so it can have no effect on the optical properties 
of the orthopyroxene host. Where the lamellae are absent and one to three per cent 
of CaO is contained in the orthopyroxene, it still does not seem to make an appreciable 
change in the optical properties, and so may be neglected. ... Washington and 
Merwin? state that Al,O, and Fe,O, should be considered as present in solid solution 
in the orthopyroxene and are not present in a separate molecule, such as the Tscher- 
mak molecule. The lack of effect of these trivalent oxides, as well as the other oxides 
mentioned above, with the possible exception of CaO, on the optical properties of 


1 A comparison between the regression coefficients in the corresponding equations of clino- 
and orthopyroxenes as well as clinoamphiboles will be made in a later paper. 
2 Washington & Merwin: Am. Jour. Sct. 3, 119 (1922). 
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orthopyroxenes, suggests that these oxides present in small amounts may merely be 


included in holes in the crystal lattice and do not themselves form part of the latice.” 
The investigation now performed, however, shows that the optical properties of 
the orthopyroxenes are dependent on all these ions (equations 4-9). Thus it is probable 
that the ions will form part of the pyroxene lattice. 
The regression equations were solved with the aid of a digital computor (BESK), 
(Henriques, 1957). 
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The influence of cations on the refractive index 
of clinoamphiboles 


By Axe HENRIQUES 


SUMMARY 


The optical properties ~, 8, y are correlated with chemical composition for clinoamphiboles by 
derivation of linear regression equations. Comparisons are made between clinopyroxenes and 
clinoamphiboles concerning the effect of the elements Si*+, Titt, Al’+, Fe8+, Fe?+, Mn?+, Mg?+ 
Ca2+, Nat on «, B and y. 


Introduction 


In a number of earlier papers the author has accounted for the optical properties 
of olivines as well as clino- and orthopyroxenes as a function of the chemical composi- 
tion of the mineral (Henriques, 1957 and 1958a, b, c). A corresponding study has 
now been made on clinoamphiboles. The material investigated consists of about 40 
amphiboles analysed and optically described in the literature (Table 1). The calcula- 
tions were made using regression equations of the type: 


X= Ay + Aig Ni, (1) 
B =agtapN,, (2) 
Vy =a, + Gy Nj, (3) 


where a,, ag and a, are constants, @;,, dj; and a;, represent the effects of the cation of 
type 7 on the refractive indices «, 6 and y. N is the number of the cations in a fixed 
volume. 

All cations are included in the equations, even hydroxyl and fluoride ions. (Alumi- 
nium was, however, not divided into 4 and 6 coordinated.) The equations were also 
derived where consideration to hydroxyl and fluorine contents was not taken. These 
equations disclose, however, a lesser degree of agreement and were not included in 
this paper. 

The regression equations were solved with a digital computor (BESK) by the 
method of least squares in accordance with the Gauss elimination method. The 
average error was calculated in accordance with the formula: 


; Ne 
(Xie ‘ page ) 


n 


where X,, ;;5 is the diagonal element belonging to X, in the diagonal element of the 
inverse matrix. 
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Table 1. Analyses 
Analyses 1-18: Van de Putte (1939); 1 


A 
1 | 2 | 3 | 4 | 5 | 6 | 7 | 8 | 9 | 

SiO, 54.00 | 54.24 | 52.42 | 49.00] 44.40 | 43.03 | 43.71 | 41.94 | 46.90 | 44 
TiO, 0.16 | 0.27 0.71 0.10 | 1.50 2.55 | 0.34 | 3.40 = 0 
Al,O, 0.20 | — 1.30 | 3.90] 11.22 | 10.69 | 10.71 7.26 7.16 | 12 
Fe,0, 5.20 | 3.40 3.04 | 6.00 | 3.00 6.32 | 8.14 | 636 | 12461 @ 
FeO 4.00 | 3.60 8.77 | 8.50 | 8.00 8.31 | 13.10 | 7.67 | 12.33] 16 
MnO 0.30 | 0.25 ole: total! 100 0.02 | 0.18 | 0.10 = 0 
MgO 26.00 | 2400 | 18.67 | 17.50 | 15.90 | 13.14] 12.17 | 14.12 9.20 | 6 
CaO 8.60 | 9.21 | 12.42] 13.18 | 12.00 | 11.85 | 10.34 | 13.59 | 11.32] 10 
Na,O 0.43 | 1.24 1.20] 1.10] 1.55 2.75 | 1.30 | 3.67 va 1 
K,0 0.19 | 0.47 a 0.08 | 0.86 a 0.54 = = 0 
H,O+ 2.52 | 2.20 2.50] 1,22| 1.19 1.38 | 2.30 1.78 2.39] 1 
H.O2 = ial aS = =a — : 
F 1.421 0.59 0.42 i = x : 
Rem. — — — = = — - 
Ss 101.22 | 99.47 | 101.63 | 100.88 | 99.72 | 100.04 | 99.83 | 99.89 | 101.76 | 99 
Less O for 
F DSTA eel) is a = 2 2 = : 
Ss | 100.65 | 99.23 | 101.46 | 100.88 | 99.72 | 100.04 | 99.83 | 99.89 | 101.76 | 99 

| 2] | 29 | 23 | 24 | 25 | 26 | 27 | 28 | 29 | 
SiO, 57.10 | 53.73 | 42.11 | 43.01 | 48.92 | 45.50 | 48.32 | 48.96] 44.93 | 4 
TiO, 0.35 | O41] 2:76 | ~<2.87| 1.91 1.73 1.43 1.07 1.81 : 
Al,O, 6.19 | 2.72] 10.05) 12.01| 5.88 | 9.66 | 6.43 7.85 | 14.62] I 
Fe,0, 3.01 | 4.72] 2.821 3.35| 650 | 606 | 5.45 3.62 | 5.11 
FeO 2.69 | 4.70] 15.14] 9.071 7.79 | 690 | 7.90 8.25 | 8.04] | 
MnO 0.34 aS 0.24| 0.19] 017 | O18 | 0.18 0.12] 0.21 ( 
MgO 9.13 | 20.60} 11.48] 14.00] 14.32 | 14.61 | 14.82 | 15.69] 10.78 | 1: 
Cad 0.31 | 92.73} 11.34] 11.79] 11.37 | 11.24 | 11.99 | 11.90] 10.81] 1 
Na,O 9.77 | 7.42 1.01 1.08 | 1.20 1.20 | 0.99 1.04 161 | 
K,0 2.38 1.82 1.43 1.01] 0.71 0.92 | 0.67 0.53 | 0.61 | 
H,O+ feail wrmag| meee 1.40] 1.37 1.73 1.61 0.63 1.421 J 
H.Os : Aon 0.061! 0.06] 0.18 | 0.19 | 0.06 0.08 | oos} 
F 2.69 | 0.92 ae Osa O.o7 tl” “Ee tr. rat 0.22] 
Rem. 1.74° et mes are ee: i? 
Ss 101.20 | 100.62 | 100.46 | 100.68 | 99.89 | 99.92 | 99.80 | 101.15 | 100.35 | 10 
Less O for | | 
F tS 0:40. Sea 0.36 | 0.11 ae oe: 0.61 0.09 | 
Ss 


| 100.07 | 100.22 


* Rem. is BaO 0.30, Cl 0.04. 
> Rem. is ZnO 0.59, Li,O 1.15. 


100.46 | 100.32 


99.78 | 99.52 


99.80 | 100.54 | 100.26 | 10 
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the investigation. 
ndius (1946); 23-31: Deer (1938); 32-39: Novotny (1949). 


no. 

11 | 12 | 13 livia £ Goo 5 | 16 | 17 | 18 | 19 | 20 
M451 | 44.50 42.00 | 55.48 | 51.56 | 47.85 | 46.91 41.14 | 53.80 | 56.01 
1.40 0.10 0.50 ee 0.62 0.87 1.92 2.27 0.10 as 

8.07 7.76 9.90 1.50 6.67 6.66 | 12.24 10.22 1.37 0.14 
4.12 4.40 9.50 2.11 141 1.44 0.82 11.34 1.89 2.14 
7.64 8.00 5.80 2.81 11.73 12.39 | 12.65 10.03 ms = 
0.26 0.05 0.10 ae uit os ge ad 8.69 5.81 
17.11 | 16.80 18.00 | 21.25 15.32 13.21 9.44 9.26 | 18.45 | 20.99 
13.00 | 13.00 12.10 13.23 9.83 12.68 | 13.19 11.70 5.43 8.29 
1.36 1.20 1.50 2.50 1.90 2.92 0.97 2.48 5.63 3.69 
2.13 1.80 2 es =e age Sa 0.65 1.72 0.47 
0.32 0.25 0.50 1.50 1.00 2.01 1.32 1.00 1.91 1.94 
— ze ae = as i a= és 0.14 = 
1.40 1.20 0.30 = Bes = = af 0.36 0.18 
a = = * = - iss Es teens eta oe Se 4 ell id tn hal eB eer Ky A ee Se 
00.23 | 99.06 | 100.20 | 100.38 | 100.04 | 100.03 | 99.46 | 100.09 | 99.69 | 99.66 
0.60 0.50 0.10 ate as = A: 0.16 0.07 
99.63 99.63 | 98.56 | 100.10 | 100.38 | 100.04 | 100.03 | 99.46 | 10 98.56 | 100.10 99.63 | 98.56 | 100.10 | 100.38 | 100.04 | 100.03 | 99.46 | 100.09 | 99.03 | 99.59 100.38 038 | 100.04 | 100.03 | 99.46 | 100.09 | 99.53 | 99.59 
31 ee 2] | 8 | 88 [ott fat | acta fF a8 32 | 33 | 34 | 35 Merc) fs) loneeen | oneeh aboot ageee|=. dam 36 «| 37 | 38 | 39 
| 
47.14 56.16 52.91 52.54 46.38 39.37 42.28 41.27 41.26 
1.74 2 bd 0.86 1.44 0.74 3.11 4.45 1.66 
9.44 1.28 7.91 4.69 13.50 15.22 12.83 13.62 11.10 
3.66 2.37 a 1.64 1.14 4.02 5.50 0.85 Bal 
8.38 3.92 6.85 6.43 5.79 20.81 7.77 13.02 18.70 
0.11 0.16 0.11 0.09 0.06 0.16 0.17 0.12 0.12 
14.44 21.37 16.51 17.12 16.20 4.30 11.87 11.10 5.23 
10.53 12.65 13.17 13.36 12.42 10.46 11.33 10.70 11.82 
1.15 0.37 0.26 0.88 1.34 1.54 1.19 1.31 1.66 
1.30 0.31 0.21 1.27 0.38 2.05 0.43 1.01 1.19 
p00 2.07 t 3.52 2.55 2.15 
Ea 1.40 2.07 1.12 1.35 33 52 
100.42 ee ee ee ee 99.99 100.00 100.00 100.00 100.00 100.00 100.00 100.00 
100.42 | 99.99 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 jo0.42 | 99.99 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 | 100.00 100.00 | 100.00 
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The influence of cations on refractive index of clinoamphiboles 


The regression equations here deduced for clinoamphiboles are: 


= (0.132 + 0.003)Si + (0.163 + 0.016)Ti + (0.109 + 0.003) Al + 
(0.124 + 0.005)Fe3+ + (0.087 + 0.005)Fe2+ + (0.078 + 0.009)Mn + 
(0.072 + 0.003)Mg + (0.060 + 0.006)Ca + (0.036 + 0.005)Na + 
(0.030 + 0.016)K + (0.030 + 0.003)OH- + (0.029 + 0.008)F. (4) 


— Sw 


Si + (0.171 + 0.014)Ti + (0.111 + 0.003)Al + 

Fe3+ + (0.087 + 0.004)Fe2+ + (0.081 + 0.008)Mn + 

Mg + (0.058 + 0.005)Ca + (0.036 + 0.004)Na + 

K + (0.030 + 0.002)OH- + (0.025 + 0.007)F. (5) 


(0.134 + 0.002 
(0.125 + 0.004 
(0.072 + 0.003 
(0.015 + 0.014 


Re 


(0.133 + 0.002)Si + (0.158 + 0.015) Ti + (0.114 + 0.003)Al + 
(0.123 +0. Hanae + (0.083 + 0.005)Fe2+ + (0.075 + 0.009)Mn + 

(0.071 + 0.003)Mg + (0.064 + 0.006)Ca + (0.038 + 0.005)Na + 

(0.025 + 0. 016)K. + (0.035 + 0.003)OH- + (0.026 + 0.008)F. (6) 


tee ie 


The corresponding equations for clinopyroxenes are:? 


= (0.519 + 0.011)Si + (0.429 + 0.010)Al + (0.626 + 0.058)Ti + 
(0.537 + 0.043)Cr + (0.542 + 0.018)Fe+ + (0.370 + 0.012)Fe2+ + 
(0.319 + 0.026)Mn + (0.305 + 0.011)Mg + (0.323 + 0.011)Ca + 
(0.194 + 0.034)Na + (0.049 + 0.167)K. (7) 


B = (0.522 + 0.011)Si + (0.423 + 0.010)Al + (0.608 + 0.060)Ti + 
(0.545 + 0.045)Cr + (0.558 + 0.018)Fe*+ + (0.367 + 0.012)Fe2+ + 
(0.314 + 0.027)Mn + (0.301 + 0.011)Mg + (0.326 + 0.012)Ca + 
(0.201 ++ 0.035)Na + (0.069 + 0.173)K. (8) 


y = (0.533 + 0.011)Si + (0.419 + 0.10)Al + (0.682 + 0.059) Ti + 
(0.517 + 0.045)Cr + (0.546 + 0.018)Fe3+ + (0.369 + 0.012)Fe2+ + 
(0.308 + 0.027)Mn + (0.304 + 0.011)Mg + (0.324 + 0.012)Ca + 
(0.184 + 0.035)Na eh 168 + 0.172)K. (9) 


Observed and calculated values for «, § and y in clinoamphiboles are given in 


Table 2. This indicates the deviations to be small. It should be observed that the | 
derived equations are valid only for the now examined part of the clinoamphibole — 


system (Table 3). This is especially obvious by a comparison between the optical 
properties calculated from the formulae and the real values of the pure end-members. 
In Table 4 the observed and calculated values for a number of amphibole end- 
members are included. 


In Table 5 the dimension and the average error of the change in refractive indices - 


a, B and y in substitution have been calculated for the regression equations. 


1 Si, Ti, Al... is the number of Si‘t, Tit+, Al’+ ... ions based on 24(0-2 + OH- aed) 
2 Si, Al, Ti ... is the number of Si‘t, Al’+, Ti4+ ... ions based on 60-2. 
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Table 2. Refractive index of monoclinic amphiboles, observed and calculated values 
according to the equations (4)-(6). 


Xeale “obs | Au Beare | Bobs AB | Ycale | Yobs | Ay 

1 1.623 1.618 |—0.005 1.633 1.626 |—0.007 1.637 1.633 |— 0.004 
2 1.619 1.620 0.001 1.629 1.628 |—0.001 1.634 1.634 0.000 
3 1.624 1.626 0.002 1.636 1.642 0.006 1.643 1.652 0.009 
4 1.637 1.627 |—0.010 1.649 1.646 |—0.003 1.654 1.654 0.000 
5 1.644 633e 0.01) 1.657 1.652 |—0.005 1.665 1.666 0.001 
6 1.655 1.642 |—0.013 1.671 1.662 |—0.009 1.677 1.673 |— 0.004 
ia 1-652 1.655 0.003 1.665 1.667 0.002 1.676 1.676 0.000 
8 1.651 1.659 0.008 1.665 1.669 0.004 1.673 1.677 0.004 
9 1.656 1.655 |—0.001 1.670 1.673 0.003 1.679 1.680 0.001 
10 1.664 1.659 |—0.005 1.677 1.673 |—0.004 1.684 1.684 0.000 
i 1.641 1.636 |—0.005 1.646 1.643 | — 0.003 1.653 1.654 0.001 
| be 1.639 1.638 |—0.001 1.644 1.644 0.000 1.651 1.654 0.003 
13 1.657 1.675 0.018 1.670 1.684 0.014 1.674 1.692 0.018 
14 1.611 1.610 |—0.001 1.624 1.622 |—0.002 1.631 1.631 0.000 
15 1.640 1.632 |—0.008 1.654 1.646 |—0.008 1.653 1.655 0.002 
16 1.636 1.643 0.007 1.650 1.657 0.007 1.659 1.666 0.007 
17 1.643 1.650 0.007 1.659 1.665 0.006 1.667 1.675 0.008 
18 1.670 1.663 |—0.007 1.684 1.679 |—0.005 1.689 1.685 |—0.004 
19 1.621 1.622 0.001 1.633 1.635 0.002 1.636 1.641 0.005 
20 1.614 1.615 0.001 1.628 1.629 0.001 1.631 1.637 0.006 
al 1.639 1.636 0.003 1.647 1.644 |—0.003 1.651 1.649 |—0.002 
22 1.627 1.638 0.011 1.637 1.650 0.013 1.635 1.653 0.018 
23 1.658 1.662 0.004 1.670 1.673 0.003 1.678 1.680 0.002 
24 1.649 1.650 0.001 1.661 1.664 0.003 1.669 N62, 0.003 
25 1.641 1.643 0.002 1.653 1.655 0.002 1.658 1.664 0.006 
26 1.645 1.651 0.006 1.658 1.660 0.002 1.667 1.669 0.002 
27 1.639 1.653 0.014 1.652 1.663 0.009 1.658 1.671 0.013 
28 1.637 1.651 0.014 1.648 1.662 0.014 1.651 1.670 0.019 
29 1.653 1.659 0.006 1.667 1.670 0.003 1.677 1.677 0.000 
30 1.654 1.654 0.000 1.666 1.665 |—0.001 1.670 M673 0.003 
Sl 1.641 1.651 0.010 1.653 1.661 0.008 1.663 1.669 0.006 
32 1.614 1.612 |—0.002 1.626 1.628 0.002 1.630 1.638 0.008 
33 1.617 1.625 0.008 1.630 1.635 0.005 1.642 1.649 0.007 
34 1.622 1.624 0.002 1.632 1.633 0.001 1.639 1.646 0.007 
35 1.635 1.628 |—0.007 1.650 1.643 |—0.007 1.661 1.656 |—0.006 
36 1.675 1.675 0.000 1.685 1.683 |—0.002 1.696 1.698 0.002 
ay) 1.646 1.643 |—0.003 1.661 1.661 0.000 1.678 1.699 0.021 
38 1.656 M6550 = 0.001 1.671 1.671 0.000 1.682 1.680 |—0.002 
39 1.665 1.672 0.007 1.676 1.680 0.004 1.688 1.696 0.008 


A comparison between the average errors of the regression coefficients and between 
calculated and observed values for «, § and y for clinoamphiboles and clinopyroxenes 
shows that the errors are of the same magnitude. With reference to the considerable 
variation in the contents of the material investigated and also the larger range of 
variation for amphiboles than pyroxenes, it would seem that the amphibole analyses 
have larger errors—both analytical and optical. (Inasmuch as exact details of the 
size of these errors is lacking no consideration was taken to their influence in deducing 
the equations.) 

The range of variation is shown in Table 2 which shows boundary values for the 
cations in the unit cell, calculated on a basis of 24(0-?+OH-+F°-). 
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Table 3. Ranges of the proportions of ions on the basis of 24(0-?+ OH- + F>). 


Min. Max. 
Si 6.049 8.021 
Al 0 2.802 
gD 0 0.491 
Fe?+ 0 1.366 
Fe?+ 0) ZAL7T 
Mn 0) 1.060 
Mg 1.000 5.247 
Ca 0.046 2.176 
Na 0 Seoul 
K 0 0.402 
OH 0.253 3.358 
F 0 1.195 


A comparison between the regression coefficients in the clinoamphibole and clino- 
pyroxene equations is less illustrative, as the former are calculated on the basis of 
24(0-2+ OH-+F-) ions while the latter are based on 60-2. Therefore the relation 
number was calculated for the role of the various cations in the refractive indices 
(Table 6). The regression coefficient for cations was compared with that of silicon 
in both mineral groups, whose relation number was equated with 1. The table indi- 
cates (within the margin of error) that all ions, apart from Ca? and Na*!, show 
about the same effect on the refractive index in both mineral groups. This is probably 
due to the similar atomic structure of the amphiboles and the pyroxenes and the 
close agreement in the bonding distance and also to the fact that Ca and Na in the 
amphiboles partially occur in other positions in the lattice. 

In the above connexion orthopyroxenes display similarity with clinoamphiboles 
with respect to y. For « and f the average errors are large. 


Table 4. Refractive index of end-members, calculated* and observed’ values. 


ea B Y 
cale obs calc obs cale obs 
Grunerite H,Fe,S8i,Oo, 1.725 1.685) 1.741 Peal 1.715 1.728 
Tremolite H,Ca,Mg,SigOo, 1.596 | 1.600] 1.608 | 1.613] 1.617] 1.624 
Ferrotremolite H,Ca,.Fe,;SigO 94 1.671 1.688} 1.683 1.699} 1.677 1.704 
Arfvedsonite H,Na,Fe,2+Fe®+Si,0,, | 1.696 | 1.693] 1.713 | 1.696] 1.703 | 1.698 
Riebeckite H,Na,Fe,?+Fe,*+8i,0,, | 1.697 |_ 1-885) 1.715 |_ 1687! 1.705 |_ 1-889 
2a ene a eaeae i SH La Yay SUNN — 1.699 
Glaucophane H,Na,.Mg,Al,Si,O.4 1.622 1.606] 1.642 1.622] 1.651 1.627 


* According to equations (4 


—6). 
Y According to Tréger (1952). 


? On account of the low contents of K* and its slight range of variation, its relation numbers 
were not calculated. 
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A. HENRIQUES, The refractive index of clinoamphiboles 


This is probably partly due to the strongly limited nature of the material studied 
(16 analyses for « and f) whereby variations in the contents and range of variation 
are small for the composite ions, and partly due to relatively large errors in the 
analyses. 
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